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ABSTRACT 
With the application of using surrogate models with General Purpose Graphics 
Processing (GPGPU) computing to meet the need for “real-time” characterization of 
nonlinear anisotropic material systems and the growing work of using multiaxial robotic 
test frames for material characterization, there has been a solution for a specific application 
towards additive manufacturing materials, specifically polymers. Traditional testing using 
uniaxial and biaxial test machines has proven insufficient in characterizing the material 
properties of additive manufacturing materials, therefore developing a need for a multiaxial 
testing machine for characterization that can dynamically excite strain states for a more in-
depth look at the material properties. This design report presents the design of a multiaxial 
robotic test frame that incorporates a Stewart-Gough (SG) platform design to allow 6 
degrees-of-freedom for multiple and combined loading applications. This solution is the 
next generation multiaxial machine focusing on additive manufacturing materials, 
specifically polymers. The problem statement is the following:  
Design and fabricate a multiaxial robotic test frame that can test additive 
manufacturing materials, focusing on polymers and some metals, in 6 degrees-of-freedom 
while improving on performance and cost over the CSM design.  
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CHAPTER 1: TOWARDS CHARACTERIZATION WITH STEWART-GOUGH 
PLATFORMS 
The purpose of this research is to develop a 6 degree-of-freedom (6-DOF) multiaxial 
robotic test frame to actively characterize the constitutive material properties of additive 
manufacturing materials, specifically in dealing with polymers. 6-DOF supports motion in 
three translational directions, X, Y, and Z, and the respective rotational directions.  This 
allows 6-axis loading to be applied to a specimen to generate the complex nonlinear 
responses characteristic of additively manufactured (AM) materials. In this thesis previous 
design is reviewed to support the application of a new design that meets the need for 
multiaxial testing of nonlinear, anisotropic, polymer materials.  
1.1 Motivation 
The motivation for a move towards multiaxial testing comes from several 
disadvantages of using traditional uniaxial testing for nonlinear materials. Specifically, for 
the case of AM materials, nonlinear and anisotropic material behavior is of concern. Work 
done at the Naval Research Laboratory addresses the lack of knowledge from the non-
linear domain and provides particular solutions for characterizing composite materials 
using a multiaxial robotic test machines [1–4]. More recent work has followed through 
with showing the advantages and reasoning for multiaxial testing towards nonlinear 
domains of material behavior [5–12]. This work contains further development of the 
mentioned work towards AM material characterization, while improving in some aspects 
of the Colorado School of Mines (CSM) design, shown in Figure 2.3 and discussed in 
Section 2.4.1.  
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1.2 Test Frame Design Problem 
At the start of this research, a design solution was provided that was completed by a 2-
semester senior design team named “5DOF (Designers of the Future)” at the Colorado 
School of Mines [13]. This is referenced to show the reasoning for a redesign of a 6-degree-
of-freedom test frame for material characterization. The team provided a process and 
background into designing the solution. The start of the research was to determine if 
5DOF’s design was suitable to go forward and fabricate. Ultimately, a decision was made 
to design a completely new solution as the given was not adequate due to issues outlined 
in section 2.1. Considering this, a problem statement is shown below: 
Design and fabricate a multiaxial robotic test frame that can test additive 
manufacturing materials, focusing on polymers and some metals, in 6 degrees-of-freedom 
while improving on performance and cost over the CSM design.  
1.3 Thesis Outline 
Chapter 1 provides the introduction into the project with the motivation and problem 
statement. Chapter 2 introduces the background and previous work related to the problem. 
Chapter 3 includes the design solutions with its relation to the requirements. Chapter 4 
summarizes the constraints and criteria and goes over the FEA, the singularity ‘map’ and 
work completed to see if inaccurate actuators can be made accurate with the use of PID 
and cheap electronics. Chapter 5 includes the discussion and conclusion of this design 
report. Lastly, chapter 6 includes the references.  
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CHAPTER 2:  
CHARACTERIZATION THROUGH HEXAPOD DESIGN 
Characterization is essential in understanding material behavior. Understanding AM 
material behavior will be beneficial in making designs that are more oriented towards 
structural applications. This chapter discusses characterization through hexapod design, 
focusing on background and analysis on a provided design, past research completed, 
hexapod designs, geometries, and singularities management. These topics deal with what 
is best suited for a hexapod design for characterization of AM materials focusing on 
polymers 
2.1 Review of Robotic Manipulators 
There are two main types of manipulators, serial and parallel, and there are several sub-
categories with each type [14]. The difference in serial and parallel manipulators is the 
architecture. Serial manipulators consist of a fixed base and an end effector that is free to 
move. Parallel manipulators are classified as a robot that has a moving platform and is 
connected to a fixed platform by several “limbs or legs”. Robot in this context means a 
machine that can carry out complex actions through a computer. Parallel manipulators are 
also known as platform manipulators [14]. Examples of each are provided in Figure 2.1. 
This research uses parallel manipulator due to the superior rigidity, accuracy, and control 
that is possible with closed loop manipulators as compared to serial manipulators that are 
opened ended [14].  
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Figure 2.1: Serial manipulator (left) and parallel manipulator (right) examples. 
Parallel manipulators are classified into three main categories, planar, spherical, or 
spatial manipulators. Planar manipulators consist of planar movement, excluding any 
change in orientation except movement about the axis perpendicular of the plane.  
Spherical manipulators consist only of spherical movement, meaning movement around a 
central virtual point. Spatial manipulators consist of movement in any direction in which it 
is not only spherical or planar but can contain both types of movement. In the case of this 
research, translational and rotational movement is needed. Classification can also be 
determined by using equations 2.1 and 2.2,  
∑ 𝑪𝒌
𝒎
𝒌=𝟏
= (𝝀 + 𝟏)𝑭 − 𝛌 = 𝟕𝐅 − 𝟔 2.1 
𝝀 ≥ 𝑪𝒌 ≥ 𝑭 2.2 
where Ck is the connectivity of the kth limb, λ is a motion parameter the manipulator within 
the workspace, F is the degrees of freedom of the manipulator, and m is the number of 
limbs. It must be noted that m = F = 6 in the case of a Stewart-Gough (SG) platform. In 
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the case of this research it is desired to have 6-DOF, therefore λ is equal to 6 and the 
equation is shortened to the far right side of equation 2.1 [14]. This results in 𝐶1…6 = 6, 
with the sum of all joint freedoms being 36. Degrees of freedom of the joints depend on 
the classification of joints which includes: Prismatic (P), Spherical (S), Universal (U), 
Cylindrical (C), and Revolute (R). The associated limbs that have 6-DOF are SPS, SCS, 
UPS, and SSR while keeping in mind that P, C, and R joints have 1-DOF. S joints have 3-
DOF and U joints have 2-DOF.  
2.2 Stewart-Gough Platform 
     An example of a parallel manipulator that is ideal for material characterization is the 
Stewart-Gough (SG) platform. To test materials accurately, precision and rigidity are key 
in designing a machine that can apply the proper loading to a specimen. It has already been 
discussed in Section 2.1 that parallel manipulators are more accurate and rigid than serial 
manipulators. Of the types of parallel manipulators, SG platforms provide the accuracy and 
strength needed.  
2.2.1 Kinematics of a General Stewart-Gough Platform 
A SG platform is classified as a spatial manipulator using a combination of limbs such 
that 6 degrees of freedom are achieved for the moving platform. A generic SG platform 
consists of a SPS or SPU configuration. Figure 2.2 shows a basic SG platform, whereas the 
variables labeled are referenced in later equations. The joints labeled are for each limb.  
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 Figure 2.2: Stewart-Gough platform with SPS configuration. [14] 
The kinematics are analyzed using vector loop equations, orthogonal conditions, and a 
rotation matrix. The moving platform consists of the reference frame B, with unit vectors 
of u, v, and w, and the fixed platform consists of the fixed frame A. The variables, Ai and 
Bi represent the bottom and top platforms respectively, where 𝑖 = 1,2, … 6. The variables 
O and P are the bottom and top platform origin points respectively. The vectors ai and bi 
are the vectors originating from the origin points to the associated limb. The vector loop 
equation results in the equation below, 
𝐴𝑖𝐵𝑖̅̅ ̅̅ ̅̅ = 𝑝 + 𝑅𝐵
𝐴𝑏𝑖 − 𝑎𝑖 2.3 
Where 𝐴𝑖𝐵𝑖̅̅ ̅̅ ̅̅  consists of each line going from the bottom joint of link i to the top joint 
of link i in Figure 1.2, p is the vector from the origin of the fixed frame to the origin of the 
moving frame, and 𝑅𝐵
𝐴 is the rotation matrix of the moving platform, which is shown below.  
𝑅𝐵
𝐴 = [
𝑢𝑥 𝑣𝑥 𝑤𝑥
𝑢𝑦 𝑣𝑦 𝑤𝑦
𝑢𝑧 𝑣𝑧 𝑤𝑧
] 2.4 
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The variables within the matrix are unit vectors of the moving frame B in respect to x, 
y, and z of the fixed frame A. The variable u represents the new x-axis, v represents the new 
y-axis, and w represents the new z-axis. The variable ux represents the reflection of the new 
x-axis on the original x-axis, and vx represents the reflection of the new y-axis with respect 
to the original x-axis and so on. Since Cartesian frames are orthogonal there are a set of 
equations that must hold true for any rotation, indicated in equations 1.6-1.11. To find the 
length of a limb, equation 2.3 is used by taking the dot product of itself to obtain the 
equation below, where 𝑑𝑖 represents the length of the associated limb.  
𝑑𝑖
2 = [𝑝 + 𝑅𝐵
𝐴𝑏𝑖 − 𝑎𝑖]
𝑇[𝑝 + 𝑅𝐵
𝐴𝑏𝑖 − 𝑎𝑖] 2.5 
For the inverse kinematics, the unknown variable is di is unknown and the vector p and 
the rotation matrix are the input variables, resulting in 6 unknowns. It should be noted that 
the positive value is taken as the actual limb length as a negative limb length is not logical. 
The direct kinematics problem involves solving for p and the rotation matrix, which 
follows the orthogonal conditions shown below and accounts for 6 of the 12 equations: 
𝑢𝑥
2 + 𝑢𝑦
2 + 𝑢𝑧
2 = 1 2.6 
𝑣𝑥
2 + 𝑣𝑦
2 + 𝑣𝑧
2 = 1 2.7 
𝑤𝑥
2 + 𝑤𝑦
2 + 𝑤𝑧
2 = 1 2.8 
𝑣𝑥𝑤𝑥 + 𝑣𝑦𝑤𝑦 + 𝑣𝑧𝑤𝑧 = 0 2.9 
𝑢𝑥𝑣𝑥 + 𝑢𝑦𝑣𝑦 + 𝑢𝑧𝑣𝑧 = 0 2.10 
𝑢𝑥𝑤𝑥 + 𝑢𝑦𝑤𝑦 + 𝑢𝑧𝑤𝑧 = 0 2.11 
Since the direct kinematic equations are highly nonlinear, there are multiple solutions, 
specifically 4,096 solutions, if the equations are solved using the equations below for 𝑖 =
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2, … 6 (equations 2.12 and 2.13), assuming the origin for the moving frame is located at A1 
and the origin of the fixed frame is at B1, resulting in the values, aiz, biw, a1x, a1y, a1z, b1u, 
b1v, and b1w being equal to zero. The variables px, py, and pz are the scalar values of vector 
p. Raghavan, [15], reduced the number of solutions to 40 solutions. 
𝑑𝑖
2 = 𝑝𝑥
2 + 𝑝𝑦
2 + 𝑝𝑧
2 2.12 
𝑏𝑖𝑢(𝑝𝑥𝑢𝑥 + 𝑝𝑦𝑢𝑦 + 𝑝𝑧𝑢𝑧) + 𝑏𝑖𝑣(𝑝𝑥𝑣𝑥 + 𝑝𝑦𝑣𝑦 + 𝑝𝑧𝑣𝑧) + 𝑏𝑖𝑤(𝑝𝑥𝑤𝑥 + 𝑝𝑦𝑤𝑦 + 𝑝𝑧𝑤𝑧)
− 𝑎𝑖𝑥𝑝𝑥 − 𝑎𝑖𝑦𝑝𝑦 − 𝑎𝑖𝑧𝑝𝑧 − 𝑏𝑖𝑢(𝑎𝑖𝑥𝑢𝑥 + 𝑎𝑖𝑦𝑢𝑦 + 𝑎𝑖𝑧𝑢𝑧)
− 𝑏𝑖𝑣(𝑎𝑖𝑥𝑣𝑥 + 𝑎𝑖𝑦𝑣𝑦 + 𝑎𝑖𝑧𝑣𝑧) − 𝑏𝑖𝑤(𝑎𝑖𝑤𝑤𝑥 + 𝑎𝑖𝑦𝑤𝑦 + 𝑎𝑖𝑧𝑤𝑧)
+
(𝑎𝑖𝑥
2 + 𝑎𝑖𝑦
2 + 𝑎𝑖𝑧
2 + 𝑏𝑖𝑢
2 + 𝑏𝑖𝑣
2 + 𝑏𝑖𝑤
2 + 𝑑1
2 + 𝑑𝑖
2)
2
= 0 
2.13 
2.3 Jacobian Analysis of Stewart-Gough Platform 
A major disadvantage of parallel manipulators is the existence of singularities within 
the workspace. Singularities are defined as the manipulator gaining or losing 1 or more 
degrees of freedom, in other words the control of the manipulator is lost. The authors of 
[16,17] analyze the Jacobian matrix for inverse and direct kinematic singularities. 
According to Tsai [14], there are three types of singularities, inverse kinematic, direct 
kinematic, and combined singularities. Inverse kinematic singularities cause the 
manipulator to not move infinitesimally in some directions and direct kinematic 
singularities cause the actuators to lock while the manipulator is able to move 
infinitesimally in some directions. Combined singularities occur when both inverse and 
direct kinematic singularities occur and are rare. 
The Jacobian is calculated by analyzing the velocity vector loop equations in which the 
velocities are shown in Equations 2.14 and 2.15, 
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?̇? = [𝑑1̇, 𝑑2̇, … , 𝑑6̇] 2.14 
?̇? = [
𝒗𝒑
𝝎𝑩
] 2.15 
where ?̇? contains the velocity of each of the limbs, and ?̇? contains the velocity of the point 
P in Figure 2.2 and the angular velocity of the moving platform. By writing the vector loop 
equation for velocity, differentiating with respect to time, and multiplying both sides of the 
equation with si results in equation 1.16.  
The above equation can be written for each limb and equations 1.14 and 1.15 can be 
taken out to result equation 2.17 in which Jx is the direct kinematic Jacobian and Jq is the 
inverse kinematic Jacobian.  
𝐽𝑥?̇? = 𝐽𝑞?̇? 2.17 
For the above equation, Jq is an identity matrix and Jx is defined by Equation 1.18.  
𝐽𝑥 = [
𝒔1
𝑇
⋮
𝒔6
𝑇
   (𝒃1 × 𝒔1)
𝑇
⋮
   (𝒃6 × 𝒔6)
𝑇
] 
2.18 
One of the most important aspects of parallel manipulators is the analysis of 
singularities as singularities can greatly affect the performance of the hexapod. The 
Jacobian matrix is used to evaluate the controllability of a hexapod [14]. Several 
researchers have looked and provided several ways of evaluating singularities within the 
workspace, but singularities within the workspace are still widely not understood. It is also 
impossible to find all the possible singularities besides the basic types. These basic types 
include the inverse kinematic, direct kinematic, and combined singularities.   
𝒔𝑖 ∙ 𝒗𝒑 + (𝒃𝑖 × 𝒔𝒊) ∙ 𝝎𝐵 = 𝑑?̇? 2.16 
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Inverse kinematic singularities occur at the workspace boundary and do not occur 
within the workspace of the hexapod. This is since the Jacobian matrix for the leg (actuator) 
velocities, 𝐽𝑞 is an identity matrix shown in equation 2.17. Direct kinematics are the most 
difficult to find with a few exceptions by analyzing the Jacobian matrix, 𝐽𝑥, and the 
following conditions: (1) the top and bottom platform geometry is the same, (2) when all 
limb lengths are equal, (3) and all limbs are parallel. Lastly combined singularities do not 
occur with SG platforms due to the identity matrix, 𝐽𝑞 [14].  
2.4 Review of Material Characterization Using Multiaxial Testing 
Since material characterization includes a significant amount of subject areas and 
information, focus is taken on characterization of mechanical properties. Discussion into 
the background of material characterization will shed light onto the reasoning for 
characterization through multiaxial testing machines. Material characterization has grown 
because of the capabilities of additive manufacturing with creating shapes and material 
properties that are not available through other traditional methods. The issue at hand are 
designs that allow engineers and scientists to study these properties. In some cases, 
activating these material properties require testing in multiple directions and multiaxial 
testing allows this.  
2.4.1 CSM Design Solution 
A senior design team at the Colorado School of Mines over the course of two 
semesters designed a solution for a hexapod design for characterization of AM materials 
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shown in Figure 2.3. This design is 0.5s meter wide and 0.47 meters tall and consists of a 
LVDT, spherical joints, cameras, grips, and a 6-axis force sensor.  
 
 
Figure 2.3: CSM hexapod design. 
 
At the start of this work, this solution was provided, and an analysis was conducted 
to determine the validity of the design. Initial validation was completed by Dr. John 
Stueben of the Naval Research Laboratory (NRL) and resulted in the following, taken from 
email [18]: 
1. The monolithic platens in the original design are extremely heavy 
and far too compliant to permit testing of metallic or composite 
materials. We have developed a better design which is far more 
rigid and weighs less. 
Top Platform 
Bottom Platform 
LVDT
 
Actuator 
Grips 
Spherical Joint 
Specimen 
Camera 
6-axis Force Sensor 
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2. The kinematic singularities of Stewart-Gough platforms are very 
badly understood. The "home" pose of the current design is 
nearly singular and presents control problems.  
3.  The forces and displacements applied to the test specimens are 
extremely, and I mean extremely, sensitive to variations in the as-
built geometry of the test frame. This implies that either the 
machine must be built with superlative tolerances, or we need to 
monitor the relative displacement of the grips using an optical 
technique (instead of using LVDTs on the actuators and 
propagating those measurements through the forward kinematic 
transforms). 
4. I think that the grips selected in the original design are 
inadequate to support bending and torsional loads. We should 
give some thought to finding or designing a better option.  
     Note that the “home” pose is the position of the hexapod in Figure 2.3, in which no 
stresses are applied to the specimen and represents the starting position for any material 
testing. To clarify on the points addressed, the first point states that the top and bottom 
platform design is too compliant and heavy, and heavy in this case means heavy compared 
to the load capabilities of the actuators. The second point states that the CSM design is 
highly uncontrollable due to the ‘home’ pose being a singularity.  
 13 
After the initial evaluation, another analysis was completed at the start of this research 
to identify other possible issues. Several issues were identified. The undergraduate design 
team chose a PC40 precision linear actuator from Thomson Linear. This model of the series 
has a max stroke of 1200 mm. Looking at [19] and using the length of the actuator chosen, 
the stroke the team chose is 60 mm, which provides very little movement for testing more 
compliant materials. Using the original specimen design of a thickness of 5 mm, height of 
50 mm, and a width of 50 mm, shown in the figure below. Tests for specimen deflection 
where done assuming a full rectangular specimen without defects to see if this design can 
reach the deflection limits of the specimen. Table 1 shows the deflection results for pure 
bending using cantilever beam Equations 2.19and 2.20 in [20].  
Based on the values in Table 2.1, and the limited range of the chosen actuators, shown 
in, this part of the CSM design is not suitable and suggests that specimen redesign and 
larger actuator stroke is desired. It also suggests that a boundary singularity will be reached 
well before the max deflection points are reached. Another issues with the actuator 
assembly is the use of spherical joints on both ends of the actuator. This causes the actuators 
to gain a degree of freedom and be able to rotate along the axis of the cylinder rod. A quick 
fix for this is to use a universal joint at one end of the actuator.  
𝜃 =
𝐹𝑙2
2𝐸𝐼
 2.19 
𝑦𝑚𝑎𝑥 = −
𝐹𝑙3
3𝐸𝐼
 2.20 
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Table 2.1: Deflection predictions for bulk materials. Material properties are from 
SolidWorks. 
Material Max Deflection [mm] Angle [°] 
ABS-ESD7 -42.36 -72.81 
PLA -38.10 -57.30 
PC -75.36 -135.43 
6061-T6 -10.34 -17.77 
 
Another issue is the choice of spherical joint which has an inadequate load rating. The 
CSM team chose the SRJ024C model with a static load rating of 3920 N. As noted in [21], 
the static load should not exceed 80% of the static load rating for long periods, and the load 
should not be applied for long periods if the shaft of the joint is not concentric with the 
body. Initial tensile test calculations suggest that a greater load rating is needed considering 
results show forces of 17000 N up to 30000 N and each leg would take 1/6th of the load or 
greater depending on the location and orientation. Looking at Figure 2.4, there is only 
roughly 16 mm between the camera and the actuator, suggesting that movement associated 
with more compliant materials is not likely, especially with the bending results in Table 
2.1.  
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Figure 2.4: Close up of camera (red) and actuator (grey & blue). 
Upon the analysis of the given design, with the errors outlined by the NRL review, and 
the analysis done within the scope of this research, a choice was made to completely 
redesign the platform to address issues outlined in this section as well as to improve in 
other aspects. Past research, other platform designs, geometry, and singularities are looked 
at in detail to show the process leading to the final design.  
2.4.2 Naval Research Laboratory Design 
This work follows the past work completed by NRL with using robotic manipulators 
in characterizing the constitutive properties of materials with complex behavior. The work 
completed focused on characterizing composite materials using a current generation 
multiaxial robotic test frame, shown in  [1,7,9,10,22–26]. The SG test frame allowed for 6 
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 dimensional movements with four cameras to capture the strain states in “real” time. A 
robotic arm places the specimen in the grips and applies loading in 6-DOF. This design 
focuses on composite materials and for the sake of this work, the full field strain 
measurement system, and the SG configuration are of importance. The full field strain 
measurement system uses 4 cameras to measure the distance between dots placed on the 
specimen surface and uses that to capture the strain states and calculate the material 
properties using a surrogate model. The advancement in surrogate modeling has allowed 
‘real’ time characterization with modeling occurring in less than 0.5 seconds [27]. 
 
     
 
Figure 2.5: NRL 66.3 Multiaxial robotic test frame 
2 m  
1.5 m  
Specimen & 
Camera Setup 
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CHAPTER 3: DESIGN SOLUTION 
With the underlying relationships to the kinematic performance of the hexapod defined, 
different architectures of the top and bottom platform were evaluated (see Section I.1). A 
geometry was chosen based on the results of Appendix I:. The design solution aligns with 
the requirements. 
3.1 Requirements 
To reiterate, the problem statement is as follows:  
Design and fabricate a multiaxial robotic test frame that can test additive 
manufacturing materials, focusing on polymers and some metals, in 6 degrees-of-freedom 
while improving on performance and cost over the CSM design.  
This section goes over the requirements for this design problem.  
3.1.1 Constraints 
     Table 3.1 shows the list of constraints set out to determine a successful design according 
to the problem statement. The constraints were generated with the goal to make sure that 
the design could break a specimen, improving over the CSM design, and containing the 
basics for complete material characterization in the future. A full PDS is included in 
Appendix A:.  
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Table 3.1: List of Constraints 
1.  
No. Requirement Justification Target 
5 
Must allow for adjustments in stationary grip 
placement 
allowing more room for adjustment 
adds versatility 
1 set of 
removable 
grips 
 
6 Design platform to have extra degrees of freedom 
to test materials that compliant such 
that the hexapod cannot reach the point 
where the specimen breaks 
>= 1 DOF 
7 
Design platform to test 3D printed metal 
specimens 
additive manufacturing (not 
considering composite) does consist of 
metal materials 
>= 1 
designed 
specimen 
10 
The platform shall be able to break samples in all 
loading conditions 
if it cannot do this, then the hexapod 
cannot perform as it is meant to 
6DOF 
 
12 
Platform must be able to test multiple sized 
specimens 
variability allows testing of the varying 
designs of the additive manufacturing 
world 
> 1 
specimen 
 
14.1 Hexapod must fit through the lab door frame goes against transporting easily 
80"x60" 
 
17 
Design must be based on a Stewart-Gough 
platform 
serial manipulators lack stiffness and 
accuracy needed, other parallel 
manipulators provide issues in degrees 
of freedom and mechanics 
1 SG 
platform 
 
18 
The platform must be able to perform standard 
tests 
would not function as intended if this is 
not met 
>= 3 DOF 
 
18.1 hexapod must perform a standard tensile test 
would not function as intended if this is 
not met 
1 tensile 
test 
 
18.2 hexapod must perform a standard torsion test 
would not function as intended if this is 
not met 
1 torsion 
test 
 
18.3 hexapod must perform a standard bending test 
would not function as intended if this is 
not met 
1 bending 
test 
 
18.4 
hexapod must perform a combination of two or 
more of the mentioned standard tests 
would not function as intended if this is 
not met 
> 1 
standard 
tests 
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The gripping system must not interfere with full 
field strain measurements 
hexapod would not work as intended 
otherwise 
1 specimen 
in 360 deg 
view 
 
20 Device must perform repeatable tests Would not function as intended > 2 tests 
21 
Must have a greater workspace than the CSM 
design 
CSM design does not have have the 
capability to do tests on the specimen 
size indicated 
 
22 Must provide a way to measure actuator stroke To control the design 
1 
measuring 
device 
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3.1.2 Criteria 
     This section shows a list of criteria set out for the problem statement. The goal here is 
to improve on the design further in a way that does not prevent a successful design if the 
requirement(s) are not met. Weights are applied to show the importance with 1 meaning 
the least important, 3 is the median, and 9 means a high desirability.  
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Table 3.2: List of Criteria 
No. Requirement Weight Justification Target 
1 
Design Stewart 
platform for low cost 
1 
the lower the cost, while not 
losing functionality, the 
better it looks for companies 
to use 
 
< $36,000 
 
2 
Platform design should 
be sufficient size based 
on singularity analysis 
9 
minimize singularities to 
make sure performance does 
not degrade on a pathway 
after the specimen breaks 
 
top platform 
smaller than bottom 
platform 
 
3 
Should allow platform 
to change kinematics 
9 
if singularity is in the path, 
this method can provide a 
way to where there is no 
singularity 
 
> 1 geometry setup 
 
 
4 
Should allow the 
ability to change grips 
3 
for special testing of unique 
specimens 
 
1 set of removable 
grips 
 
8 
Platform should be 
easy to maintain 
3 
minimal maintenance means 
more time towards testing 
and in a manufacturing, 
environment means less 
downtime 
 
8.1 
platform should have 
easy access to 
electronics 
3 
Testing can be done 
efficiently 
 
8.2 
Should minimize 
needed maintenance 
for components of the 
platform 
3 
See 8 
 
 
9 
Loading specimen 
should be easy as just 
placing it in the grips 
3 
more time spent setting up 
the specimen takes time away 
from testing, saves time in a 
manufacturing environment 
 
3 steps 
 
11 
Platform should be 
ergonomic such that 
human use is 
accounted for 
9 
the easier to use, the less time 
it takes for new people to 
learn or experience users to 
test 
 
no extraneous 
activity needed 
 
13 
Device should be easy 
to transport 
3 
In case machine needs to be 
moved 
2 people minimum 
 
14 
Parts should not 
exceed 30 lbs. 
individually 
3 
easy transport to the lab and 
easy transport in the future 
 
30 lbs. 
 
15 
Device should be able 
to function with at least 
one user 
3 
less manpower if only one 
person can use it 
 
1 user 
 
16 
Device should be 
designed for minimum 
construction difficulty 
9 
easy to take apart for 
maintenance, transporting, 
easy for machinists 
 
 
2.  
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3.2 Overview of Design 
This section provides the details of the final design. The design is split into assembly 
sections: actuator, camera, top frame, bottom frame, and top platform. Figure 3.1 shows 
the solution. 
     
Figure 3.1: Solution  
     
Cameral Assembly 
I-beam Tubing 
Grips 
6-axis Force Sensor 
EHA Actuators 
Universal Joint 
Adaptability 
Spherical Ball Joint 
Specimen 
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Looking at Figure 3.1, one noticeable difference between this solution and that of the 
CSM design is that the location of the specimen is above the moving platform rather than 
in between the moving platform and the bottom platform. Inverting the location allows a 
greater workspace when doing pure bending scenarios. The bottom spherical joint that the 
CSM design contains has been replaced with a universal joint to eliminate the extra degree 
of freedom. This extra degree of freedom allows the actuators to rotate about the cylinder 
rod. This improves on the performance as compared to the CSM design (requirement 21). 
Electrohydraulic actuators (EHA) where chosen and were a significant improvement over 
the CSM actuators (requirements 18-18.4 & 21). Adaptability refers to the ability to move 
the location of the universal joints, pertaining to requirement 3.  
3.2.1 EHA Actuators 
New actuators needed to be chosen as the original choice of CSM design did not have 
enough stroke to account for the compliance of polymers of AM materials. While the PC 
series of linear actuators of Thomson Linear, the compact EHA (Electro-hydraulic 
actuator) model from Parker was chosen due to the load capacity being four times the value 
of the PC 40 [28]. It was also chosen because the motor is included and there is no need 
for a setup of hydraulic hoses. All of this improves on the performance and increases the 
workspace (requirements 18-18.4 & 21). 
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Figure 3.2. Actuator Assembly. 
     The actuator assembly, Figure 3.2 consists of the spherical ball joint, the aluminum 
plates, the spherical joint adapter, the string potentiometer, the drawer slide, the universal  
joint adapter, and the universal joint. The aluminum plates’ purpose is to keep the cylinder 
rod of the EHA actuator from rotating along the cylinder rod axis. The plates are clamped 
to the actuator with the LMPMT attached on the middle plate so the actuator stroke can be 
measured (requirement 22). The LMPMT has a stroke of 12.5 in (317.5 mm) which 
accounts for the 203 mm stroke of the actuators. The load capacity of the chosen ball joint 
is 10,250 lbs. in the static radial direction, and it has a max swivel angle of 50̊. 
String potentiometer  
Spherical ball joint  
EHA 
Drawer slide 
Aluminum plates 
Universal joint 
Spherical Joint adapter 
Universal joint adapter 
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3.2.2 Bottom Frame 
     The bottom frame assembly, shown in Figure 3.3, consists of the tubing frame, the 
actuator adapter, and the leveling mounts. Additional mounting holes were implemented 
to change the workspace and therefore the singularity map to accommodate for the path 
planning for the specimen.  
 
Figure 3.3: Bottom frame assembly 
 
3.2.3 Top Frame 
     In-plane bending, and in-plane shear was determined to be the testing scenarios with the 
highest loads. To account for this, the I-beam design was used with the addition of gussets. 
The angled plate at the end of the I-beam was removed and the original straight portion of 
the I-beam was kept as strength is lost in the I-beam if an angled cut was implemented and 
welded.  
Tubing frame 
Actuator adapter 
Leveling mount 
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Figure 3.4: Top frame assembly 
3.2.4 Grip Assembly 
     The grip assembly consists of the top frame adapter, the grip adapters, the grips, 6-DOF 
sensor (bottom black), and the adapter from the sensor to the top frame. Figure 3.5 shows 
the grip assembly. This setup bolts to the top frame and the moving platform via bolts. This 
allows new grips to be designed and allows adapters to be designed that allow testing of 
non-traditional test specimens (requirements 4, 5, 12).  
 26 
 
Figure 3.5: Grip assembly 
 
3.2.5 Camera Setup 
     The camera assembly involves a NOGA heavy duty holder with a magnetic base to 
attach to the grips or the adapters, 3D printed adapters, and the Chameleon3 cameras. 
Initially, 4 cameras will be used until more are needed. More may be needed to address 
camera singularities with the full field strain measurements involved with compliant 
materials. The adapters allow two cameras to be mounted and adjusted via the 2 NOGA 
holders to adjust the angle at which the cameral is oriented to the face of the specimen. 
This setup allows the cameras to be attached to any position and to be adjusted accordingly. 
The camera system has not been implemented and will not be until the future work (Section 
5.5). Figure 3.6 shows the NOGA holder. 
Top frame adapter 
Grip adapter 
Specimen 
6-axis force sensor 
Grips 
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Figure 3.6: NOGA holder. 
 
3.2.6 Top Platform 
     Shown in Figure 3.7, the top platform assembly consists of two parts, the actuator 
adapters (prism) and the tubing. The actuator adapter attaches to the spherical ball joint and 
the top platform connects to the adapter underneath the 6-axis force sensor. FEA results 
are shown in Section 4.7.  
 
Figure 3.7: Top platform assembly 
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3.3 Hexapod Workspace 
The start of this research involved an analysis on the validity of the previously 
developed design (see Section 2.4.1). The analysis determined that the workspace of the 
CSM design was not large enough for testing of compliant materials and a new design was 
needed with a greater workspace (requirement 21). Note that the data shown on the graphs 
are data points and not continuous lines.  
3.3.1 Translation 
While it is unknown what the specimen designs will be and the failure behavior of tests 
with different additive manufacturing materials, especially polymers, a constraint was set 
in which the new design must have an increased workspace volume. As a reminder, 
workspace in this case is defined as the volumetric space in which the centroid of the 
hexapod can reach.  
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Figure 3.8: Workspace comparison, CSM (bottom) and 66.1 Tiger (top) 
Figure 3.8 shows the difference between the reachable workspace of the CSM design 
versus the new design, the 66.1 Tiger. The 66.1 Tiger has a much wider range with 
translation in the x, y, and z directions. 
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3.3.2 Rotation 
  
  
Figure 3.9 shows the rotation only comparison between the two designs with the clear 
indication of improvement with the new design. There is a drastic difference between the 
purely rotational workspace. Purely rotation in this case means rotation about the origin 
point of the top platform of the hexapod.  
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Figure 3.9: Rotation only comparison, 66.1 Tiger (left) and CSM (right). 
 
One other comparison to look at with the reachable workspace involves pure bending 
loading tests as shown in Figure 3.9. The max angles the 66.1 Tiger can reach are roughly 
50 degrees in the Z direction and 28 degrees in the X and Y direction. It can be noted that 
in torsion tests, the hexapod can reach a total of 100o by pre-loading in the negative 
direction (or positive) and starting the test from there.  
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Figure 3.10: Pure bending comparison, 66.1 Tiger (top) and CSM (bottom). 
Figure 3.11 shows the difference of the reachable workspace in a pure bending scenario 
(requirement 23) of a tradition hexapod material characterization setup like that of the NRL 
66.3 in Figure 2.5. The tradition setup results in a max of 85 mm in the x direction and 72 
mm in the y direction. The inverted setup, which is shown in Figure 3.1, has a max of 116 
mm in the x direction and 131 in the y direction.  
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Figure 3.11: Difference between the traditional hexapod setup and the inverted 
hexapod setup. 
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3.4 Component Details 
While the major sub-assemblies have been identified in the previous sections, this 
section goes over the components of the major assemblies that contain sensors and other 
electronics. These directly relate to the performance requirements (requirements 10, 12, 
15, 18-18.4, 20, 22).  
3.4.1 Camera Assembly 
Going from top to bottom, the first component are the cameras. The camera chosen is 
the Chameleon3 model. Table 3.3 shows the specifications of the camera along with the 
specific model number.  
Table 3.3: Camera Specs 
Model # CM3-U3-13Y3C-CS 
Type Color 
MP 1.3 
Sensor Description ON Semi PYTHON 1300 CMOS, ½”, 4.8 µm 
Shutter Global Shutter 
Max Resolution 1280 x 1024 
Max FPS 149 
 
3.4.2 Grip Assembly 
     Included in the components of the grip assembly are the grips and the 6-axis 
force/torque sensor, in which the grips are from ADMET and Sunrise Instruments 
respectively. The ADMET grips are of the GV-50T model with the specifications in Table 
3.4.  
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Table 3.4: Grip Specifications 
Tensile Force 50 kN 
Opening 0-30 mm 
Clamping Surface Size 60 x 66 mm 
Clamping Surface Plain/Flat 
 
     The 6-axis force/torque sensor chosen includes the specs in Table 3.5. This sensor was 
chosen due to the load capacity, pricing, and size. The data sheet for the sensor is in 
Appendix E.  
Table 3.5: Force/Torque Sensor Specifications 
Capacity 
Fx, Fy Fz Mx, My Mz 
16.2 kN 32.4 kN 660 Nm 530 Nm 
 
3.4.3 Actuator Assembly 
     The actuator assembly includes two total components: actuator and linear transducer. 
Specific models include Compact EHA (Electro-Hydraulic Actuator), and the LMPMT 
(Linear Motion Position-Measuring Transmitters). The actuators were chosen due to the 
load rating, compact size, and the stroke availability. The LMPMT was chosen due to the 
price and the avoidance of an actuator-like transducer. Mounting a linear transducer on the 
actuator required a more complex design for mounting clamps. Data for the actuator and 
transmitter are shown in Table 3.6 and Table 3.7 respectively. The datasheet for the 
actuators can be found in Appendix E. 
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Table 3.6: Actuator Specifications 
Force Max Stroke Max Speed 
21.3 kN 203 mm 85 mm/s 
 
3.  
Table 3.7: LMPMT Specifications 
Stroke 
Accuracy 
Range 
Repeatability Resolution 
Cable 
Material 
12.5 in ±0.25% ±0.05% 0.0001 mV 
Nylon-
coated 
Stainless 
Steel 
 
3.4.4 Data Acquisition  
Included in the data acquisition is the DAQ card, motor controller, Arduino Due, and 
the specs of the computer that will be used to control and collect the data. The motor 
controller chosen is the RoboteQ FDL3260 and the datasheet is in Appendix E. This 
controller can control three brushless DC motors or in this case, three actuators. This 
requires two controllers total. Both controllers are connected to an Arduino Due to be 
controlled using Arduino coding and an Intel NUC with the specifications in Table 3.8. 
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Table 3.8: Computer Specifications 
Processor RAM Memory Speed Hard Drive Graphics 
Card 
Intel Core i7 32 GB 3.1 GHz 128 GB SSD AMD Radeon 
RX Vega M 
GH 
 
     The DAQ system consists of an Arduino Due where each string potentiometer will be 
connected to two ADS1115’s since one can only read for sensors at a time. The data sheet 
of the Arduino Due and ADS1115 are in Appendix E and Appendix F respectively. The 
string potentiometers need 30 volts to have enough power for more accurate results. The 
Arduino 5-volt supply is not enough. Since the ADS1115 can only except up to 5 volts due 
to the power it receives from the Arduino Due, a voltage divider is provided between the 
output of the string potentiometers and the ADS1115. The code to control the hexapod is 
shown in Appendix G:.  
 38 
CHAPTER 4: DESIGN JUSTIFICATION 
This chapter focuses on the justification for design choices for the detailed design of 
the robotic test frame. The constraints and criteria are laid out and discussed on what was 
met, what will be verified in future work, and what requirements were not met. The 
actuators, FEA results, workspace results, the singularity analysis, sensors, and data 
collection all contribute to the satisfaction of the set requirements, see PDS in Appendix 
A. Table 4.1 shows the specific constraints that were met, and Table 4.2 shows the results 
of the criteria. In summation, this section discusses the requirements and how the driving 
requirements were met.  
4.1 Constraints 
This section goes over the constraints, or the needs, of the design. The constraints that 
were met are presented in Table 4.1, and the full requirement format is presented in 
Appendix A. 
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Table 4.1: Constraints Status.  
No. Requirement  
5 Must allow for adjustments in stationary grip placement  
6 Design platform to have extra degrees of freedom   
7 Design platform to test 3D printed metal specimens  
10 The platform shall be able to break samples in all loading conditions  
12 Platform must be able to test multiple sized specimens  
14.1 Hexapod must fit through the lab door frame  
17 Design must be based on a Stewart-Gough platform  
18 The platform must be able to perform standard tests  
18.1 hexapod must perform a standard tensile test  
18.2 hexapod must perform a standard torsion test  
18.3 hexapod must perform a standard bending test  
18.4 
hexapod must perform a combination of two or more of the mentioned 
standard tests 
 
19 The gripping system must not interfere with full field strain measurements  
20 Device must perform repeatable tests  
21 Must have a greater workspace than the CSM design  
22 Must provide a way to measure actuator stroke  
 
Requirement 5 was met with the ability to change the location of the universal joints, 
or the bottom joints of the actuator assemblies. Requirement 6 was determined by the 
uniqueness that additive manufacturing to designs. Allowing the possibility of adding more 
degrees of freedom down the road will allow testing of significantly compliant materials 
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that the hexapod could not test with the given workspace. This is possible with having the 
grip assemblies to be taken apart or taken off. Requirement 7 deals with the possibility of 
testing metal AM parts. While the focus of this design is for polymers, AM deals with 
metals as well and it is becoming more and more popular. This was determined to be a 
constraint and has been met by the FEA of the design (Section 4.3) and testing (Section 
5.4). Requirements 10, 12, 14.1, 17-18.4, 19, 20, and 21 all deal with simply testing if the 
requirement is met or not. Requirements 12, 17-18.4 all deal with basic functionality and 
research conducted at the start of this work. Requirement 19 is meant to make sure the full 
field strain measurement with the 4 cameras can be completed without obstruction and has 
been met. 
The requirements presented in this section are those that allow for a successful testing 
machine. This work includes up to the ability of the platform to move and be cable of 
coordinated movement shown by simple tests. Section 5.4.1 provides more detail. 
4.2 Criteria 
This section discusses the criteria or wants of the design. Table 4.2 presents the criteria 
that are met, not met, and the criteria that require validation before it is determined if it is 
met or not. Requirements that were met are labeled green, and the requirements that were 
not met are labeled in red.  
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Table 4.2: Criteria that are met/not met 
No. Requirement Weight  
1 Design Stewart platform for low cost 1  
2 Platform design should be sufficient size based on singularity analysis 9  
3 Should allow platform to change kinematics 9  
4 Should allow the ability to change grips 3  
8 Platform should be easy to maintain 3  
8.1 platform should have easy access to electronics 3  
8.2 Should minimize needed maintenance for components of the platform 3  
9 Loading specimen should be easy as just placing it in the grips 3  
11 Platform should be ergonomic such that human use is accounted for 9  
13 Device should be easy to transport 3  
14 Parts should not exceed 30 lbs. individually 3  
15 Device should be able to function with at least one user 3  
16 Device should be designed for minimum construction difficulty 9  
 
Requirement 1 was met by the significant price drop of developing a hexapod. The 
CSM design was estimated at $36,000 while this design falls around $25,000. Requirement 
2 was met by the singularity analysis in Appendix I:. It was determined that a top platform 
that has a bigger radius performs better and with the singularity analysis of the normalized 
Jacobian, the ratio of top platform vs bottom platform was determined. Requirement 3 was 
met by adding the ability to move the universal joints on the designated bolt locations on 
the bottom frame in Figure 3.1.  
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4.3 FEA Results 
     This section presents the deflection and FEA results of the top frame and the bottom 
frame of the SG platform design. The directions of the forces are indicated by the purple 
arrows shown in the respective figures and the fixed geometries are indicated by green and 
orange arrows. All FEA results were conducted using with the force values found in 
Section 3.3 for 6061-T6. For each analysis, an h-adaptive method was used with a target 
accuracy of 98%, accuracy bias in the middle, and a maximum number of loops of 5 for 
the mesh adaptation. The factor of safety (FOS) for the frame analyses are taken as the 
yield strength over the maximum load in which all analyses have the FOS well above a 
reasonable amount.  
4.3.1 Top Frame FEA 
     The final top frame FEA results are depicted in Figure 4.1. It can be noted that there are 
no stress concentrations and the stresses stay well below the yield stress of the material 
used, which is 4130 steel, and results in a safety factor of 7. The gussets were added to 
reduce the deflection and avoid stress concentrations around the connection of the legs and 
I-beams and the bottom portion of the legs connecting to the bottom frame. To account for 
the cylinder and grips, a straight cylinder was extruded from the bottom of the I-beams. 
For bending and torsion scenarios, a reference axis is added so that the bottom of the 
cylinder can rotate about the axis. Table 4.3 shows the deflection results of the final design.  
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Table 4.3: Deflection results for top frame 
 
Scenario Deflection (mm) Force/Moment 
Shear 0.3453 3000 N 
Tensile 0.3305 30000 N 
Moment (Z) 0.001335 30 Nm 
Moment (X) 0.007857 100 Nm 
Moment (Y) N/A 25 Nm 
   
  
Figure 4.1: FEA of top frame (FOS = 7) 
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4.3.2 Bottom Frame FEA 
     The final bottom frame FEA is shown in Figure 4.2. Most of the stress is located around 
the joint locations and the area where the top frame connects. The adapters to the actuators 
are included so that the forces acting on the actuators can be applied to the correct direction. 
The actuator forces required are calculated using the force equation for a general SG 
platform [14]. The high deflection is in the bottom frame for the shear loading scenario in 
Table 4.4: Deflection results for bottom frame. 
Table 4.4: Deflection results for bottom frame 
 
Scenario Deflection (mm) Force/Moment 
Shear 3.671 3000 N 
Tensile 0.502 30000 N 
Moment (Z) N/A 30 Nm 
Moment (X) 0.00905 100 Nm 
Moment (Y) N/A 25 Nm 
 
Figure 4.2: FEA of bottom frame (FOS = 3.6) 
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4.3.3 Top Plate FEA 
     The final top plate FEA is shown in Figure 4.3: FEA of top plate (FOS = 1.7) in which 
the factor of safety is 1.7, and the maximum deflections are indicated in Table 4.5. For 
results that were significantly small, the result was given N/A. The same procedure applied 
in Section 4.3.2 also was used for the top plate FEA in this section. The forces for each 
actuator were determined as well as the direction in which the force is applied.  
Table 4.5: Deflection results for top plate 
Scenario Deflection (mm)  Force/Moment 
Shear 0.3517 3000 N 
Tensile 0.1798 30000 N 
Moment (Z) N/A 30 Nm 
Moment (X) N/A 100 Nm 
Moment (Y) N/A 25 Nm 
 
4.  
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Figure 4.3: FEA of top plate (FOS = 1.7) 
 
4.4 CSM vs. 66.1 Tiger Singularity Map 
Based on the work done in Appendix I:, the singularity map was applied to the CSM 
design and the 66.1 Tiger. Pure translation (Figure 4.4), and pure rotation (Figure 4.5) were 
looked at for comparison. There is a significant difference between the two designs. For 
the CSM design, the condition numbers for pure translation were all considerably higher 
than the 66.1 Tiger with values in 1018 and above. The values for the 66.1 Tiger all fall 
below 1,100. The MATLAB results for the CSM design also gave warnings that the 
Jacobian matrices were often close to being singular. This correlates with the review from 
NRL in Section 2.1 and the statement from the authors of [14] about singularities caused 
by similar geometries for the top and bottom plate. Table 4.6 shows the color-coded 
scheme.  
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Figure 4.4: Singularity map of pure translation of the CSM (top) and 66.1 Tiger 
(bottom) designs. 
The results for Figure 4.5 are similar to that of Figure 4.4 in that the CSM design has 
condition numbers on the order of 1018 and the 66.1 Tiger has condition numbers on the 
order of 103. The reduction in the magnitude of the condition number translates into a 
significant improvement in system controllability. As for the singularity map, it shows the 
relative change based on the min and max condition number on the workspace that is 
evaluated. While there is a lot of green in the top of Figure 4.5, the relative condition 
numbers are much higher in the CSM design than the 66.1 Tiger. It should be noted that 
Table 4.6: Color coding scheme. 
Color Condition Number Range 
 Green <= 50 
 Black > 50 & <= 100 
 Blue > 100 & <= 250 
 Yellow > 250 & <= 500 
 Red > 500 & <=100000 
 Cyan > 100000 
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the high condition numbers (shown as cyan) are dispersed towards the outside regions of 
the workspace rather than near the “home” position of the hexapod (Rx = 0, Ry = 0). 
  
Figure 4.5: Pure rotation scenarios for the singularity map of the 66.1 Tiger (right) and 
the CSM (left) designs.  
4.5 Distance Measurement Analysis 
Work was completed during an internship at NRL to determine if an inaccurate actuator 
could be controlled with a PID such that the actuator can be accurate in combination with 
a string potentiometer to measure the stroke. Several Arduino IDE libraries from 
www.github.com were used to develop a code to control the electrohydraulic actuators.  
The results from Table 4.7 and Table 4.8 show that the proportional, integral, and 
derivative terms of the PID controller vary based on the speed of the actuator. It was 
initially believed that the smallest distance that could be measured was 50 microns, but 
with the work completed, the code (Appendix D:) was able to bring the smallest 
displacement to roughly 5 microns and the lowest speed to 1 micron per second. These 
results give an option for slower and more accurate material testing. A circular buffer in 
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included with the code to showcase steadier results while running. For the sake of 
determining the slowest speed and displacement, the moving average was disabled.   
Table 4.7: Positive speed PID control values for Parker EHA. 
Moving Average Value Speed (um/s) Kp Ki Kd 
1 
1 70 40 10 
3 90 40 10 
6 90 40 10 
24 90 30 10 
48 90 30 30 
100 90 30 30 
500 90 30 30 
Speed (mm/s) Kp Ki Kd 
1 50 50 10 
5 50 50 10 
15 50 50 10 
 
 
Table 4.8: Negative speed PID control values for Parker EHA. 
Moving Average Value Speed (-um/s) Kp Ki Kd 
1 
1 280 50 10 
3 280 50 10 
6 280 50 10 
24 280 50 10 
48 280 50 50 
100 280 50 50 
250 180 50 10 
500 180 50 10 
Speed (-mm/s) Kp Ki  Kd 
1 70 10 10 
5 70 10 10 
15 70 10 10 
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CHAPTER 5: DISCUSSION AND CONCLUSION 
Chapter 5 includes the discussion and conclusion of this thesis and more specifically 
the hexapod design. The limitations of the design, the strengths of the design as compared 
to the CSM design, the fabrication and functionality of the design, and the future work are 
discussed moving forward.  
5.1 Limitations of Design 
The 66.1 Tiger includes a few limitations of note. For one, the specimen design is 
limited if metal AM materials are studied, and composite materials cannot be tested due to 
the way the hexapod is designed with the inverted style as compared to the CSM design 
and that composite materials have significantly higher yield strengths and large loads 
needed for failure. The inverted style introduces more deflection than that of the traditional 
design and reduces the amount of force the hexapod frame can withstand without excessive 
deflections. 
Another limitation is the uncertainty of the singularities within the hexapod workspace, 
although a method to ‘map’ the singularities is provided, further research will need to be 
conducted to determine the correlation of the maps with the controllability of the hexapod.  
Two more limitations involve requirements 9 and 14 (Appendix A:), both of which 
were criteria. Requirement 9 (loading the specimen should be easy) was not satisfied but 
does not limit the design in its performance. The specimen can be inserted by hand rather 
than by a 6-DOF robotic hand. If this design was to be used in an industrial setting, a 6-
DOF robotic hand can be implemented to decrease the time required to do it manually. It 
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also takes time to adjust and align both grips so that no load is applied before testing. 
Requirement 14, stating that the design should not have components exceeding 30 lbs., was 
not satisfied, but the components of the hexapod can be transported easily with a pallet 
jack.   
5.2 Strengths of Design 
There are several aspects about the 66.1 Tiger that improve it upon the sense of a 
traditional design than that of the CSM design. For one, the inverted design allows the 
hexapod to have a larger workspace than if it was designed like the other two other designs.  
The ability to move the bottom frame joints to several locations allows the user to 
change the singularity ‘map’ to their choosing. For example, if it is known that a singularity 
exists at the end of test when the specimen breaks, one or more joint(s) can be moved to 
change the singularity ‘map’ such that there is no singularity at that point. This is a good 
capability considering the consequences of the hexapod reaching a singularity near a failure 
point and the possible loss of control as a result which may lead to possible damage to the 
machine and the user having to move the machine out of the singularity. Another strength 
of the design is its modularity, several of the key components of the design are bolted 
together which allows for modular replacement components to be fabricated. For example, 
to test a unique specimen that the chosen grips cannot secure, the user can either design an 
attachment or install a different style of grips. Another example is the location of the 6-
axis force sensor, the hexapod was designed so that the sensor can either be inserted with 
the top grip or the bottom grip. Considering it is unknown currently which spot is better 
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(or even if using two sensors is better), this allows an easy configuration of the system to 
maximize resolution or performance. The implications of the different locations will be 
determined in future work during system calibration. 
5.3 Fabrication of Design 
During fabrication of the design, some changes were made based on the feedback from 
the machinist at Machining and Technical Services (MTS) on the Clemson University 
campus. The slanted metal pieces at the ends of the I-beams in Figure 3.1 were removed 
because it was noted by the machinists that it would be easier to fabricate the top frame 
without it. It was also noted that it would increase the strength in that area due to the 
reduction in welding that would be needed if this aspect was kept. Another change was 
removing the design of the cameral adapter ring originally shown in Figure 3.1, this design 
was bolted in the top frame and presented an issue with deflection that can occur in the 
area. To resolve this issue, NOGA holders (Figure 3.6) were implemented and are a much 
better solution since the holders can be placed anywhere on the frame and eliminate any 
deflection that would occur. The only issue with this decision is that deflection in the frame 
would move the camera, but this can be accounted for in the calculation for material 
properties. These design changes can be seen in Figure 5.1. 
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Figure 5.1: SolidWorks Image of solution (left), solution pictured in the lab (right). 
5.4 Functionality of Design 
Considering the end goal of this thesis to show that the hexapod can perform tests 
repeatedly and in variation, this section includes the discussion on the functionality. It must 
be noted that the software that uses the cameras to calculate strain states to get the material 
properties has already been proven to work and is provided by NRL. This leaves the end 
goal of the hexapod breaking specimens in general and breaking them in various loading 
conditions.  
The code, shown in Appendix G:, uses Arduino IDE to control the 66.1 Tiger and there 
are several points to address and conclude on. To start, the PID control included in the code 
has some issues that do not affect the end goal of this thesis but do affect future work with 
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testing certain specimens or materials. A variable PID control would be needed as it was 
discovered with the work in Section 4.5 that different PID gain values are needed based on 
the speed. It is unknown at this time if tests will be conducted with varying or constant 
speed, but for the sake of showing that the hexapod works, the PID gain values can be 
manually changed and further testing during the calibration portion of the future work will 
need to be conducted.  
5.4.1 Specimen Tests 
     Testing was completed to satisfy requirements 18.1 – 18.4. These tests were done to 
show that the hexapod can move in 6-DOF and break specimens. They were also done to 
test the grips and to see if slippage will be a problem in the future work. Videos were 
produced to show each test, with the tensile test having the most difficulty. This difficulty 
was due to an inaccurate print job. The initial specimen for the tensile test produced 
significant slippage which required adjusting the grip strength repeatedly until a test was 
successful. Another specimen was printed in which there were less deformities and the 
testing proved to be successful without slippage. The testing suggests that different grip 
pads should be used, or rubber paint should be applied on less uniform specimens for tensile 
testing. The other tests satisfying requirements 18.1 – 18.4 showed no issues. The code 
controlling the Tiger 66.1 is shown in Appendix G:. 
5.5 Future Work 
A continuation of the work included in this thesis includes implementation of the full 
strain field measurement program using the camera system described in Section 3.2.5. 
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Researchers at NRL have already developed a system to complete full field measurements, 
and this system will be implemented to the Tiger 66.1. Initial testing of the program will 
be conducted showing that bulk material properties are indeed different than that of the 
AM material properties using the same materials. Once this is completed, then calibration 
of the hexapod will need to be conducted to ensure accurate results and full testing can be 
completed.  
Full testing will be possible after the accuracy of the system is determined with the 
error and uncertainty analysis. Random error and systematic error will need to be reduced 
as much as possible. There is already some evidence of systematic error with the hexapod 
returning to the ‘home’ position. There are some inaccuracies with the PID controller as 
the actuators behave differently when extending vs. extracting. Calibration of the PID 
values will need to be conducted to eliminate this error. The uncertainty analysis would 
consider the error of the string potentiometers, actuators, cameras, and the 6-axis force 
sensor. Some factors that will be considered to affect measurements are noise, non-
linearity, non-uniformity, and random error. Ultimately the 6-axis force sensor will be used 
to control the actuators during testing as the direction and magnitude of the force(s) on the 
specimen is the end goal, but the actuator measurement control will need to be used to reset 
the machine or to place it in the desired position before testing starts.   
A sensitivity analysis will need to be conducted as well to determine how the hexapod 
calculations are affected by the different measurements discussed. There are three possible 
types in which one or more may be used and include numerical, experimental, and 
mathematical. An example of the experimental method would be to do repeated tests on 
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bulk materials to determine the change in output. The mathematical determination can be 
found through the SG platform mathematics. Another step includes addressing the issue of 
singularities with the full field strain measurement system. Even with the addition of two 
(total of 6) cameras, there may still be singularities where the cameras will lose track of 
the dots placed on the specimen.  
Once the hexapod has been properly calibrated then research can be conducted on 
specific AM methods with polymers. First testing will be conducted on FDM printed 
specimens to study the effect 3D printing versus bulk material properties. Next would be 
to conduct and study specimens made from other methods such as SLA (stereolithography), 
DLP (digital light processing), SLS (selective laser sintering), SLM (selective laser 
melting), EBM (electronic beam melting), LOM (laminated object manufacturing), and 
others.  
5.5.1 Possible Research Questions 
     Once the 66.1 Tiger is calibrated and can perform full characterization tests, there are 
some research questions that can be looked at.  
1. In what ways do the bulk material properties differ from the printed material 
properties for an FDM printed specimen? 
2. In what ways do different infill patterns for FDM printed specimens affect 
the material properties? 
3. In what ways can singularities with the camera setup be addressed for more 
compliant materials?  
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4. How can topology optimization be used as an infill pattern generator to 
increase the desired properties of a FDM printed specimen?  
5. How do other printing methods differ to bulk material properties?  
5.6 Conclusion 
Going back to Section 1.2, the design statement states the following:  
Design and fabricate a multiaxial robotic test frame that can test additive 
manufacturing materials, focusing on polymers and some metals, in 6 degrees-of-freedom 
while improving on performance and cost over the CSM design.  
This design statement has been satisfied by the completion of the requirements set out 
by the PDS. The major requirements involving completed successful tests showing the 
range and degrees-of-freedom of the hexapod (Req 18.1-18.4). It has been shown in 
Section 3.3 that the Tiger 66.1 has a significantly greater workspace than that of the CSM 
design. Section 4.4 shows that the singularity “map” of the Tiger 66.1 has much lower 
condition number values than the CSM design showing an improvement on the 
controllability. Comparing the cost of the CSM design, Appendix H:, and the cost of the 
Tiger 66.1, Appendix F:, there is a difference of roughly $10,000 with the Tiger 66.1 
costing less. With these main points, it can be said the design statement has been satisfied.  
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Appendix A: Product Design Specification 
No. Req. Constraint 
Crit. 
Wt. 
(1,3,9) 
Justification Value Verification 
Checked 
On 
1 Design Stewart platform for low cost   1 
the lower the cost, while not 
losing functionality, the better it 
looks for companies to use 
< $70,000 BOM   
2 Platform design should be a sufficient size based on singularity analysis   9 
minimize singularities to make 
sure performance does not 
degrade on a pathway after the 
specimen breaks 
top platform 
smaller than  
bottom platform 
SolidWorks 
measurements/Matlab 
program 
  
3 Should allow platform to change kinematics   9 
if singularity is in the path, this 
method can provide a way to 
where there is no singularity 
> 1 geometry 
setup 
test   
4 Should allow the ability to change grips   3 
for special testing of unique 
specimens 
1 set of removable 
grips 
sight check   
5 Must allow for adjustments in stationary grip placement YES   
allowing more room for 
adjustment adds versatility 
bolt setup sight check   
No. Req. Constraint 
Crit. 
Wt. 
(1,3,9) 
Justification Value Verification 
Checked 
On 
6 Design platform to have extra degrees of freedom  YES   
to test materials that compliant 
such that the hexapod cannot 
reach the point where the 
specimen breaks 
>= 1 DOF sight check   
7 Design platform to test 3D printed metal specimens YES   
additive manufacturing (not 
considering composite) does 
consist of metal materials 
>= 1 designed 
specimen 
test   
8 Platform should be easy to maintain   3 
minimal maintenance means 
more time towards testing and in 
a manufacturing environment 
means less downtime 
N/A Multiple tests   
8.1 platform should have easy access to electronics     for maintenance, see above  sight check   
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No. Req. Constraint 
Crit. 
Wt. 
(1,3,9) 
Justification Value Verification 
Checked 
On 
8.2 Should minimize needed maintenance for components of the platform     see above 
all components 
require no 
maintenance 
test over one semester   
9 Loading specimen should be easy as just placing it in the grips   3 
more time spent setting up the 
specimen takes time away from 
testing, saves time in a 
manufacturing environment 
1 step test   
10 The platform shall be able to break samples in all loading conditions YES   
if it cannot do this, then the 
hexapod cannot perform as it is 
meant to 
6DOF test   
11 Platform should be ergonomic such that human use is accounted for   9 
the easier to use, the less time it 
takes for new people to learn or 
experience users to test  
no extrenous 
activity needed 
test   
No. Req. Constraint 
Crit. 
Wt. 
(1,3,9) 
Justification Value Verification 
Checked 
On 
12 Platform must be able to test multiple sized specimens YES   
variablity allows testing of the 
varying designs of the addittive 
manufacturing world 
> 1 specimen test   
13 Device should be easy to transport   3   
2 people 
minimum 
test   
14 Parts should not exceed 30 lbs. individually   3 
easy transport to the lab and 
easy transport in the future  
30 lbs test   
14.1 Hexapod must fit through the lab door frame YES   goes against transporting easily  80"x60" test   
15 Device should be able to function with at least one user   3 
less manpower if only one person 
can use it 
1 user test   
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16 Device should be designed for minimum construction difficulty   9 
easy to take apart for 
maintenance, transporting, easy 
for machinists  
N/A fabrication test   
 
 
       
No. Req. Constraint 
Crit. 
Wt. 
(1,3,9) 
Justification Value Verification 
Checked 
On 
17 Design must be based on a Stewart-Gough platform YES   
serial manipulators lack stiffness 
and accuracy needed, other 
parallel manipulators provide 
issues in degrees of freedom and 
mechanics 
1 SG platform sight check   
18 The platform must be able to perform standard tests YES   
would not function as intended if 
this is not met 
>= 3 DOF test   
18.1 hexapod must perform a standard tensile test YES   
would not function as intended if 
this is not met 
1 tensile test test   
18.2 hexapod must perform a standard torsion test YES   
would not function as intended if 
this is not met 
1 torsion test test   
18.3 hexapod must perform a standard bending test YES   
would not function as intended if 
this is not met 
1 bending test test   
18.4 hexapod must perform a combination of two or more of the mentioned standard tests YES   goes along with req. 19 1 standard tests test   
19 The gripping system must not interfere with full field strain measurements YES   
hexapod would not work as 
intended otherwise 
1 specimen in 360 
deg view 
sight check   
No. Req. Constraint 
Crit. 
Wt. 
(1,3,9) 
Justification Value Verification 
Checked 
On 
20 Device must perform repeatable tests YES   
hexapod would not work as 
intended otherwise 
> 3 repeatable 
tests 
test   
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21 Must have a greater workspace than the CSM design YES  
CSM design does not have 
have the capability to do tests 
on the specimen size indicated 
 Matlab Graphs  
22 Must provide a way to measure actuator stroke YES  To control the actuators 
1 measurement 
device 
  
23 Must have the specimen located above the moving platform YES  
Greater workspace can be 
achieved 
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Appendix B: Design drawings
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Appendix C: Matlab Code for Singularity analysis 
Main File: 
clear 
clc 
close all 
format longEng 
  
% Optimal d -> 22 
% d = 18; 
% d = [-d d -d d -d d]; 
% ThetaT = [55,65,175,185,295,305] + d; 
% ThetaB = [115,125,235,245,355,5]+ d; 
  
% ThetaT = [66.43, 114.02, 186.16, 233.6, 306, 353.77]; 
% ThetaB = [53.51, 126.49, 173.51, 246.49, 293.51, 6.49]; 
  
ThetaT2 = [345, 15, 105, 135, 225, 255]; 
ThetaB2 = [45, 75, 165, 195, 285, 315];  
  
% [P,J] = NormalizeJacobianP1(238,490,ThetaT,ThetaB,497,203); 
% [P,J] = NormalizeJacobianP2(238,490,ThetaT,ThetaB,497,203); 
% [P,J] = NormalizeJacobianP3(238,490,ThetaT,ThetaB,497,203); 
[P,J] = NormalizeJacobianP1(247,247,ThetaT2,ThetaB2,413,60); 
% [P,J] = NormalizeJacobianP2(247,247,ThetaT2,ThetaB2,413,60); 
% [P,J] = NormalizeJacobianP3(247,247,ThetaT2,ThetaB2,413,60); 
  
  
  
% figure 
% scatter(P(:,1),P(:,2),20,P(:,4),'filled') 
% colorbar 
%%  
  
figure 
P1 = P(any(P(:,4) <= 50,2),:); 
P2 = P(any(P(:,4) > 50 & P(:,4) <= 100,2),:); 
P3 = P(any(P(:,4) > 100 & P(:,4) <= 250,2),:); 
P4 = P(any(P(:,4) > 250 & P(:,4) <= 500,2),:); 
% P5 = P(any(P(:,4) > 500,2),:); 
  
P5 = P(any(P(:,4) > 500 & P(:,4) <= 100000,2),:); 
P6 = P(any(P(:,4) > 100000,2),:); 
scatter(P1(:,1),P1(:,2),3,'g','filled') 
hold on; scatter(P2(:,1),P2(:,2),3,'k','filled') 
hold on; scatter(P3(:,1),P3(:,2),3,'b','filled') 
hold on; scatter(P4(:,1),P4(:,2),3,'y','filled') 
hold on; scatter(P5(:,1),P5(:,2),3,'r','filled') 
hold on; scatter(P6(:,1),P6(:,2),10,'c','filled') 
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xlabel('Rx( \theta )') 
ylabel('Ry( \phi )') 
% xlabel('X [mm]') 
% ylabel('Y [mm]') 
set(gca, 'fontsize',12) 
 
 
Second File: NormalizeJacobianP2 
function [P1, JNorm] = 
NormalizeJacobianP2(radiusT,radiusB,thetaT,thetaB,homeheight,stroke) 
  
a1 = [radiusB*cosd(thetaB(6)); radiusB*sind(thetaB(6)); 0]; 
a2 = [radiusB*cosd(thetaB(1)); radiusB*sind(thetaB(1)); 0]; 
a3 = [radiusB*cosd(thetaB(2)); radiusB*sind(thetaB(2)); 0]; 
a4 = [radiusB*cosd(thetaB(3)); radiusB*sind(thetaB(3)); 0]; 
a5 = [radiusB*cosd(thetaB(4)); radiusB*sind(thetaB(4)); 0]; 
a6 = [radiusB*cosd(thetaB(5)); radiusB*sind(thetaB(5)); 0]; 
  
b1 = [radiusT*cosd(thetaT(6)); radiusT*sind(thetaT(6)); 0]; 
b2 = [radiusT*cosd(thetaT(1)); radiusT*sind(thetaT(1)); 0]; 
b3 = [radiusT*cosd(thetaT(2)); radiusT*sind(thetaT(2)); 0]; 
b4 = [radiusT*cosd(thetaT(3)); radiusT*sind(thetaT(3)); 0]; 
b5 = [radiusT*cosd(thetaT(4)); radiusT*sind(thetaT(4)); 0]; 
b6 = [radiusT*cosd(thetaT(5)); radiusT*sind(thetaT(5)); 0]; 
  
k = 0; 
w = 0; 
q = 0; 
  
t = 0; 
Ry = [cosd(t) 0 sind(t); 0 1 0; -sind(t) 0 cosd(t)]; 
  
    % position of the center of the top plate referenced to the center 
of the bottom plate     
    p = [0; 0;homeheight]; 
     
    % leg lengths 
    A1B1 = p + Ry*b1 - a1;   
  
    d11 = sqrt(transpose(A1B1)*A1B1); 
  
    dmax = d11 + stroke/2; 
    dmin = d11 - stroke/2; 
  
for x = -300:.5:300 
for y = -300:.5:300 
  
    % Rotation matrix of the top plate 
    R = [1 0 0; 0 1 0; 0 0 1]; 
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    % position of the center of the top plate referenced to the center 
of the bottom plate 
    pc2 = [x; y;homeheight]; 
     
    % leg lengths 
    A1B1 = pc2 + R*b1 - a1; 
    A2B2 = pc2 + R*b2 - a2; 
    A3B3 = pc2 + R*b3 - a3; 
    A4B4 = pc2 + R*b4 - a4; 
    A5B5 = pc2 + R*b5 - a5; 
    A6B6 = pc2 + R*b6 - a6;     
  
    d1 = sqrt(transpose(A1B1)*A1B1); 
    d2 = sqrt(transpose(A2B2)*A2B2); 
    d3 = sqrt(transpose(A3B3)*A3B3); 
    d4 = sqrt(transpose(A4B4)*A4B4); 
    d5 = sqrt(transpose(A5B5)*A5B5); 
    d6 = sqrt(transpose(A6B6)*A6B6); 
  
    % Unit vectors of each leg 
    s1 = A1B1/norm(A1B1); 
    s2 = A2B2/norm(A2B2); 
    s3 = A3B3/norm(A3B3); 
    s4 = A4B4/norm(A4B4); 
    s5 = A5B5/norm(A5B5); 
    s6 = A6B6/norm(A6B6); 
  
    % Jacobian of the Stewart Gough Platform 
    Jx = [transpose(s1) transpose(cross(b1,s1)); transpose(s2) 
transpose(cross(b2,s2)); transpose(s3) transpose(cross(b3,s3)); 
transpose(s4) transpose(cross(b4,s4)); transpose(s5) 
transpose(cross(b5,s5)); transpose(s6) transpose(cross(b6,s6))]; 
    
%       Checks to make sure leg lengths do not exceed max length with 
the max 
%   stroke 
    if (d1 <= dmax && d2 <= dmax && d3 <= dmax && d4 <= dmax && d5 <= 
dmax && d6 <= dmax) && (d1 >= dmin && d2 >= dmin && d3 >= dmin && d4 >= 
dmin && d5 >= dmin && d6 >= dmin) 
          
        K(q+1,1:3) = [x, y, cond(Jx)]; 
        JxAll(q*6+1:q*6+6,1:6) = Jx; 
    
        q = q + 1; 
%         break 
    end 
  
end 
end 
  
[CondMax,locmax] = max(K(:,3)); 
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[CondMin,locmin] = min(K(:,3)); 
  
JrMax = JxAll((locmax-1)*6+1:(locmax-1)*6+6,:); 
JrMin = JxAll((locmin-1)*6+1:(locmin-1)*6+6,:); 
  
o = 1; 
for x1 = -300:.5:300 
    y = 1;  
for y1 = -300:.5:300 
  
% Rotation matrix of the top plate 
    
  
    % position of the center of the top plate referenced to the center 
of the bottom plate     
    pc1 = [x1; y1;homeheight]; 
  
    % leg lengths 
    A1B1 = pc1 + (R)*b1 - a1; 
    A2B2 = pc1 + (R)*b2 - a2; 
    A3B3 = pc1 + (R)*b3 - a3; 
    A4B4 = pc1 + (R)*b4 - a4; 
    A5B5 = pc1 + (R)*b5 - a5; 
    A6B6 = pc1 + (R)*b6 - a6;     
  
    d1 = sqrt(transpose(A1B1)*A1B1); 
    d2 = sqrt(transpose(A2B2)*A2B2); 
    d3 = sqrt(transpose(A3B3)*A3B3); 
    d4 = sqrt(transpose(A4B4)*A4B4); 
    d5 = sqrt(transpose(A5B5)*A5B5); 
    d6 = sqrt(transpose(A6B6)*A6B6); 
  
  
    % Unit vectors of each leg 
    s1 = A1B1/norm(A1B1); 
    s2 = A2B2/norm(A2B2); 
    s3 = A3B3/norm(A3B3); 
    s4 = A4B4/norm(A4B4); 
    s5 = A5B5/norm(A5B5); 
    s6 = A6B6/norm(A6B6); 
  
     
    if d1 <= dmax && d2 <= dmax && d3 <= dmax && d4 <= dmax && d5 <= 
dmax && d6 <= dmax && d1 >= dmin && d2 >= dmin && d3 >= dmin && d4 >= 
dmin && d5 >= dmin && d6 >= dmin   
      
        % Jacobian of the Stewart Gough Platform 
        Jx = [transpose(s1) transpose(cross(b1,s1)); transpose(s2) 
transpose(cross(b2,s2)); transpose(s3) transpose(cross(b3,s3)); 
transpose(s4) transpose(cross(b4,s4)); transpose(s5) 
transpose(cross(b5,s5)); transpose(s6) transpose(cross(b6,s6))]; 
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                JNorm = (JrMax - Jx)/(JrMax - JrMin); 
  
            P1(o+1,1:4) = [x1, y1, homeheight, cond(JNorm)]; 
            y = 0;  
            o = o + 1; 
    end 
     
end 
    if y == 0 
        k = k + 1;  
    end 
% end 
end 
  
end  
 
Third File: NormalizeJacobianP1 
function [P1, JNorm] = 
NormalizeJacobianP1(radiusT,radiusB,thetaT,thetaB,homeheight,stroke) 
  
a1 = [radiusB*cosd(thetaB(6)); radiusB*sind(thetaB(6)); 0]; 
a2 = [radiusB*cosd(thetaB(1)); radiusB*sind(thetaB(1)); 0]; 
a3 = [radiusB*cosd(thetaB(2)); radiusB*sind(thetaB(2)); 0]; 
a4 = [radiusB*cosd(thetaB(3)); radiusB*sind(thetaB(3)); 0]; 
a5 = [radiusB*cosd(thetaB(4)); radiusB*sind(thetaB(4)); 0]; 
a6 = [radiusB*cosd(thetaB(5)); radiusB*sind(thetaB(5)); 0]; 
  
b1 = [radiusT*cosd(thetaT(6)); radiusT*sind(thetaT(6)); 0]; 
b2 = [radiusT*cosd(thetaT(1)); radiusT*sind(thetaT(1)); 0]; 
b3 = [radiusT*cosd(thetaT(2)); radiusT*sind(thetaT(2)); 0]; 
b4 = [radiusT*cosd(thetaT(3)); radiusT*sind(thetaT(3)); 0]; 
b5 = [radiusT*cosd(thetaT(4)); radiusT*sind(thetaT(4)); 0]; 
b6 = [radiusT*cosd(thetaT(5)); radiusT*sind(thetaT(5)); 0]; 
  
k = 0; 
w = 0; 
q = 0; 
  
t = 0; 
Ry = [cosd(t) 0 sind(t); 0 1 0; -sind(t) 0 cosd(t)]; 
  
    % position of the center of the top plate referenced to the center 
of the bottom plate     
    p = [0; 0;homeheight]; 
     
    % leg lengths 
    A1B1 = p + Ry*b1 - a1;   
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    d11 = sqrt(transpose(A1B1)*A1B1); 
  
    dmax = d11 + stroke/2; 
    dmin = d11 - stroke/2; 
  
for t2 = -90:.1:90 
for theta2 = -90:.1:90 
  
    % Rotation matrix of the top plate 
    Rx = [1 0 0; 0 cosd(theta2) -sind(theta2); 0 sind(theta2) 
cosd(theta2)]; 
    Ry = [cosd(t2) 0 sind(t2); 0 1 0; -sind(t2) 0 cosd(t2)]; 
  
    % position of the center of the top plate referenced to the center 
of the bottom plate 
    pc2 = [0; 0;homeheight]; 
     
    % leg lengths 
    A1B1 = pc2 + Rx*Ry*b1 - a1; 
    A2B2 = pc2 + Rx*Ry*b2 - a2; 
    A3B3 = pc2 + Rx*Ry*b3 - a3; 
    A4B4 = pc2 + Rx*Ry*b4 - a4; 
    A5B5 = pc2 + Rx*Ry*b5 - a5; 
    A6B6 = pc2 + Rx*Ry*b6 - a6;     
  
    d1 = sqrt(transpose(A1B1)*A1B1); 
    d2 = sqrt(transpose(A2B2)*A2B2); 
    d3 = sqrt(transpose(A3B3)*A3B3); 
    d4 = sqrt(transpose(A4B4)*A4B4); 
    d5 = sqrt(transpose(A5B5)*A5B5); 
    d6 = sqrt(transpose(A6B6)*A6B6); 
  
    % Unit vectors of each leg 
    s1 = A1B1/norm(A1B1); 
    s2 = A2B2/norm(A2B2); 
    s3 = A3B3/norm(A3B3); 
    s4 = A4B4/norm(A4B4); 
    s5 = A5B5/norm(A5B5); 
    s6 = A6B6/norm(A6B6); 
  
    % Jacobian of the Stewart Gough Platform 
    Jx = [transpose(s1) transpose(cross(b1,s1)); transpose(s2) 
transpose(cross(b2,s2)); transpose(s3) transpose(cross(b3,s3)); 
transpose(s4) transpose(cross(b4,s4)); transpose(s5) 
transpose(cross(b5,s5)); transpose(s6) transpose(cross(b6,s6))]; 
    
%       Checks to make sure leg lengths do not exceed max length with 
the max 
%   stroke 
    if (d1 <= dmax && d2 <= dmax && d3 <= dmax && d4 <= dmax && d5 <= 
dmax && d6 <= dmax) && (d1 >= dmin && d2 >= dmin && d3 >= dmin && d4 >= 
dmin && d5 >= dmin && d6 >= dmin) 
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        K(q+1,1:3) = [t2, theta2, cond(Jx)]; 
        JxAll(q*6+1:q*6+6,1:6) = Jx; 
    
        q = q + 1; 
    end 
  
end 
end 
  
[CondMax,locmax] = max(K(:,3)); 
[CondMin,locmin] = min(K(:,3)); 
  
JrMax = JxAll((locmax-1)*6+1:(locmax-1)*6+6,1:6); 
JrMin = JxAll((locmin-1)*6+1:(locmin-1)*6+6,1:6); 
  
o = 1; 
for t = -90:.1:90 
    y = 1;  
for theta1 = -90:.1:90 
  
% Rotation matrix of the top plate 
    Rx = [1 0 0; 0 cosd(theta1) -sind(theta1); 0 sind(theta1) 
cosd(theta1)]; 
    Ry = [cosd(t) 0 sind(t); 0 1 0; -sind(t) 0 cosd(t)]; 
  
    % position of the center of the top plate referenced to the center 
of the bottom plate     
    pc1 = [0; 0;homeheight]; 
  
    % leg lengths 
    A1B1 = pc1 + (Rx*Ry)*b1 - a1; 
    A2B2 = pc1 + (Rx*Ry)*b2 - a2; 
    A3B3 = pc1 + (Rx*Ry)*b3 - a3; 
    A4B4 = pc1 + (Rx*Ry)*b4 - a4; 
    A5B5 = pc1 + (Rx*Ry)*b5 - a5; 
    A6B6 = pc1 + (Rx*Ry)*b6 - a6;     
  
    d1 = sqrt(transpose(A1B1)*A1B1); 
    d2 = sqrt(transpose(A2B2)*A2B2); 
    d3 = sqrt(transpose(A3B3)*A3B3); 
    d4 = sqrt(transpose(A4B4)*A4B4); 
    d5 = sqrt(transpose(A5B5)*A5B5); 
    d6 = sqrt(transpose(A6B6)*A6B6); 
  
  
    % Unit vectors of each leg 
    s1 = A1B1/norm(A1B1); 
    s2 = A2B2/norm(A2B2); 
    s3 = A3B3/norm(A3B3); 
    s4 = A4B4/norm(A4B4); 
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    s5 = A5B5/norm(A5B5); 
    s6 = A6B6/norm(A6B6); 
  
     
    if d1 <= dmax && d2 <= dmax && d3 <= dmax && d4 <= dmax && d5 <= 
dmax && d6 <= dmax && d1 >= dmin && d2 >= dmin && d3 >= dmin && d4 >= 
dmin && d5 >= dmin && d6 >= dmin   
      
        % Jacobian of the Stewart Gough Platform 
        Jx = [transpose(s1) transpose(cross(b1,s1)); transpose(s2) 
transpose(cross(b2,s2)); transpose(s3) transpose(cross(b3,s3)); 
transpose(s4) transpose(cross(b4,s4)); transpose(s5) 
transpose(cross(b5,s5)); transpose(s6) transpose(cross(b6,s6))]; 
  
                JNorm = (JrMax - Jx)/(JrMax - JrMin); 
  
            P1(o+1,1:4) = [t, theta1, homeheight, cond(JNorm)]; 
  
            y = 0;  
            o = o + 1; 
  
    end 
     
end 
    if y == 0 
        k = k + 1;  
    end 
  
end 
  
end  
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Appendix D: Distance Measurement Package 
The code in Appendix A simply contains a PID library taken from Github 
(https://github.com/br3ttb/Arduino-PID-Library), a circular buffer 
(https://www.megunolink.com/documentation/arduino-libraries/circular-buffer/), and the standard 
Adafruit ads and wire libraries for Arduino IDE. Table 1 and 2 show the PID values to get 
optimal control for a certain speed. These values are a result of the moving average turned 
off. The next steps would be to implement these known values into a nonlinear control 
algorithm so that accurate control can be achieved as the speed changes. Hardware includes 
a RoboteQ FDC3260 motor controller, Arduino Due, ADS1115, an NRL based circuit 
board, Parker electrohydraulic actuators (EHA), and a TE SP2 string potentiometer 
(https://www.te.com/usa-en/product-CAT-
CAPS0068.html?q=&d=484864%20484868%20484872&type=products&samples=N#mdp-tabs-content) 
with a separate power source (12 V). 
CODE:  
#include <PID_v1.h> 
#include <CircularBuffer.h> 
#include <Adafruit_ADS1015.h> 
#include <Wire.h> 
 
Adafruit_ADS1115 ads(0x48); 
 
template <int WindowSize> 
 
class movingAverage 
{ 
  public: 
    double append( const unsigned int v) 
    { 
      if ( data.CountStored() < WindowSize ) 
      { 
        sum += v; 
        data.Add(v); 
        return ads.readADC_SingleEnded(0); 
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      } 
 
      auto h = data.Tail(); 
      sum = sum + v - h; 
      data.Add(v); 
      return getAverage(); 
    } 
 
    double getAverage() 
    { 
      return (double) sum / WindowSize; 
    } 
 
  private: 
    typedef CircularBuffer< unsigned int, WindowSize > dataBuffer; 
    dataBuffer data; 
 
    unsigned long sum = 0; 
}; 
 
double Setpoint, Input, Output, dYmicro, Lengthmicro, Min = -1000, Max = 
1000; 
 
double Kp = 280, Ki = 50, Kd = 10; 
 
PID myPID(&Input, &Output, &Setpoint, Kp, Ki, Kd, P_ON_E, DIRECT); 
 
void setup() { 
 
  Serial1.begin(115200); 
  while (!Serial); 
  Serial.begin(115200); 
  ads.begin(); 
  ads.setGain(GAIN_TWOTHIRDS); 
  ads.setSPS(ADS1115_DR_64SPS); 
  delay(20); 
  myPID.SetMode(AUTOMATIC); 
  myPID.SetOutputLimits(Min, Max); 
 
} 
 
// Initializer 
movingAverage<1> ma; 
int count = 0; 
double EHA1 = 0, EHA2 = 0, dY = 0, dY1 = 0; 
int i = 0, y = 0; 
 
void loop() { 
 
  auto  val = ads.readADC_SingleEnded(0); 
  delay(20); 
  auto average = ma.append( val ); 
  auto Voltage = average * 0.1875 / 1000.0; 
  auto Length = (317.5 / (12.2 - 0.033)) * (Voltage - 0.033); 
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  while (dY == 0) { 
    dY = Length - 0.1; 
  } 
 
  dY1 = -0.000003 * millis() + dY; // Input for controller; determine 
speed by slope; results in mm 
 
  Setpoint = dY1; 
  Input = Length; 
  myPID.Compute(); 
  EHA2 = Output; 
 
  // Software limit switches 
  while (Length > 130 || Length < 40) { 
    EHA2 = 0; 
    Serial1.println("!g 2 " + String(EHA2)); 
  } 
 
  Serial1.println("!g 2 " + String(EHA2)); 
 
  Serial.print(dY1 * 1000, 1); 
  Serial.print(' '); 
  Serial.println(Length * 1000, 1); 
 
  delay(20); 
} 
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Appendix E: Equipment Datasheets
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Appendix F: Bill of Materials 
Group Model Number Company 
Part 
Number Price  Qty Total 
Actuator 
Assembly EHA Actuator MSC 92667997 $ 616.82  6 $ 3,700.92  
Measurement  6-Axis Force Sensor 
Sunrise 
Intruments M3943 
$ 
5,350.00  1 $ 5,350.00  
Hexapod Ball Joint 
McMaster-
Carr 60745K651 $ 26.22  6 $ 157.32  
Measurement Cameras Flir 
CM3-U3-
13Y3C-CS $ 350.00  6 $ 2,100.00  
Camera Camera Lens Flir 
LENS-
15F5-250C $ 170.00  6 $ 1,020.00  
Measurement 
Linear Motion Position-
Measuring Transmitters 
McMaster-
Carr 6863K2 $ 213.38  6 $ 1,280.28  
Camera Cables Flir 
ACC-01-
2301 $ 15.00  6 $ 90.00  
Camera Host Adapter FLIR 
ACC-01-
1203 $ 155.00  1 $ 155.00  
Power & 
Control Arduino Due Arduino 
1050-1049-
ND $ 38.68  1 $ 38.68  
Power & 
Control 
Brushed DC Motor 
Controller Roboteq FDC3260 $ 595.00  2 $ 1,190.00  
Power & 
Control Emergency Stop Button Amazon  $ 6.78  1 $ 6.78  
Power & 
Control Optima Batteries Amazon 
8016-103 
D34M $ 190.36  2 $ 380.72  
Power & 
Control 
Powermax 40 Amp, 24V 
charger PPL 
PM3-40-
24LK $ 170.28  2 $ 340.56  
Actuator 
Assembly Universal Joints 
McMaster-
Carr 2456K17 $ 79.68  6 $ 478.08  
Actuator 
Assembly 
Partial-Extension Lock-
Open Drawer Slides 
McMaster-
Carr 63835A31 $ 53.03  6 $ 318.18  
Actuator 
Assembly Plastic Corner Bracket 
McMaster-
Carr 13135A59 $ 0.33  12 $ 3.96  
Hexapod 
Ultra-High Capacity 
Leveling Mount 
McMaster-
Carr 3757K39 $ 49.57  3 $ 148.71  
Fabrication 
Cost 3rd Party Fabrication 
MTS 
(Clemson 
Campus)  
$ 
11,331.16  1 
$ 
11,331.16  
     TOTAL: 
$ 
28,090.35  
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Appendix G: Tiger 66.1 Control Code 
 #include <PID_v1.h> 
#include <CircularBuffer.h> 
#include <Adafruit_ADS1015.h> 
#include <Wire.h> 
 
Adafruit_ADS1115 ads(0x48); 
 
template <int WindowSize> 
 
class movingAverage 
{ 
  public: 
    double append( const unsigned int v) 
    { 
      if ( data.CountStored() < WindowSize ) 
      { 
        sum += v; 
        data.Add(v); 
        return ads.readADC_SingleEnded(0); 
      } 
 
      auto h = data.Tail(); 
      sum = sum + v - h; 
      data.Add(v); 
      return getAverage(); 
    } 
 
    double getAverage() 
    { 
      return (double) sum / WindowSize; 
    } 
 
  private: 
    typedef CircularBuffer< unsigned int, WindowSize > dataBuffer; 
    dataBuffer data; 
 
    unsigned long sum = 0; 
}; 
 
double Setpoint, Input, Output, dYmicro, Lengthmicro, Min = -1000, Max = 
1000; 
 
double Kp = 280, Ki = 50, Kd = 10; 
 
PID myPID(&Input, &Output, &Setpoint, Kp, Ki, Kd, P_ON_E, DIRECT); 
 
void setup() { 
 
  Serial1.begin(115200); 
  while (!Serial); 
  Serial.begin(115200); 
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  ads.begin(); 
  ads.setGain(GAIN_TWOTHIRDS); 
  ads.setSPS(ADS1115_DR_64SPS); 
  delay(20); 
  myPID.SetMode(AUTOMATIC); 
  myPID.SetOutputLimits(Min, Max); 
 
} 
 
// Initializer 
movingAverage<1> ma; 
int count = 0; 
double EHA1 = 0, EHA2 = 0, dY = 0, dY1 = 0; 
int i = 0, y = 0; 
 
void loop() { 
 
  auto  val = ads.readADC_SingleEnded(0); 
  delay(20); 
  auto average = ma.append( val ); 
  auto Voltage = average * 0.1875 / 1000.0; 
  auto Length = (317.5 / (12.2 - 0.033)) * (Voltage - 0.033); 
  while (dY == 0) { 
    dY = Length - 0.1; 
  } 
 
  dY1 = -0.000003 * millis() + dY; // Input for controller; determine 
speed by slope; results in mm 
 
  Setpoint = dY1; 
  Input = Length; 
  myPID.Compute(); 
  EHA2 = Output; 
 
  // Software limit switches 
  while (Length > 130 || Length < 40) { 
    EHA2 = 0; 
    Serial1.println("!g 2 " + String(EHA2)); 
  } 
 
  Serial1.println("!g 2 " + String(EHA2)); 
 
  Serial.print(dY1 * 1000, 1); 
  Serial.print(' '); 
  Serial.println(Length * 1000, 1); 
 
  delay(20); 
} 
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Appendix H: CSM Bill of Materials 
 ALL ITEMS      
 
Item Company Model Number  Price  
Qt
y Total 
Hexap
od 
Top/Bottom 
plate Metals Depot 
1-1/2in Al plate, 
4x8ft 
 $    
3,072.00  1 
 $      
3,072.00  
Linear 
Actuators Thomson Linear 
PC40PA999B05-
0060XM1 
 $    
1,319.00  6 
 $      
7,914.00  
Motors 
Applied Motion 
Products HT34-496 
 $        
579.00  6 
 $      
3,474.00  
Globe Joint Myostat SRJ024C 
 $        
380.00  12 
 $      
4,560.00  
Grips 
Grips (Set of 
2) ADMET GV-20T 
 $    
2,048.00  1 
 $      
2,048.00  
Grip Adapter Metals Depot 
5x5in C1018 steel 
square, 1ft 
 $        
421.42  1 
 $          
421.42  
Sensor
s 
6-Axis Force 
Sensor 
Sunrise 
Instruments M3943 
 $    
5,350.00  1 
 $      
5,350.00  
LVDT Macro Sensors SE-750-4000-006 
 $        
497.00  6 
 $      
2,982.00  
LVDT Core 
Rod Kit Macro Sensors CCR3M-0650-1 
 $          
67.00  6 
 $          
402.00  
Optics 
Camera Point Grey 
FL3-U3-88S2C-C 
(Flea 3) 
 $        
895.00  4 
 $      
3,580.00  
Lens Tamron 23FM16SP 
 $        
245.00  4 
 $          
980.00  
Tripod 
Adaptor Point Grey ACC-01-0003 
 
included  4 
 $                   
-    
USB Hub Point Grey ACC-01-600 
 $        
110.00  1 
 $          
110.00  
USB Cable Point Grey ACC-01-2301 
 $          
15.00  1 
 $            
15.00  
Camera 
Mount Metals Depot 
1/4in thick 3003-
H14 Al 1x1ft 
 $          
23.52  1 
 $            
23.52  
Safety 
Brackets Sick C4000 Select 
 $          
82.00  4 
 $          
328.00  
Fence RapidWire 
4x8 ft Fence + 2 
posts 
 $        
289.00  2 
 $          
578.00  
Light Curtain Sick C40E-1203CD010 
 $        
793.00  1 
 $          
793.00  
Electro
nics DAQ Card     
 $    
2,000.00  1 
 $      
2,000.00  
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Hard Drive Seagate STCL4000400 
 $        
225.00  1 
 $          
225.00  
 
TOTAL     
 $    
35,783.9
4  
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Appendix I: Initial Singularity Analysis 
I.1 Overview 
While some of the geometry has been explained for a general SG platform in previous 
sections, this section will discuss the steps taken to analyze the Jacobian and using the 
results to determine a suitable geometry for an SG platform. The chosen parameters are 
outlined in Figure 2.2. The variables ai and bi are found for the SolidWorks model by using 
a specified coordinate system and using the measure tool in SolidWorks. The leg lengths, 
𝐴𝑖𝐵𝑖̅̅ ̅̅ ̅̅  where 𝑖 = 1,2, … 6, are found by using a vector loop equation shown in Equation 2.3. 
The vectors ai = [aix,aiy,aiz]
T and Bbi = [biu,biv,biw]
T are with respect to the coordinate 
systems of the top and bottom plates respectively. For each case, aiz and biw are equal to 
zero. The variable ARB, shown in Equation 2.4, is the rotation matrix of the top platform 
[5]. In the case where the top platform is level, the rotation matrix is simply an identity 
matrix.  
     With the model of the Stewart Platform established, the Jacobian matrix can be 
calculated in Equation 6.1 such that, 
𝐽 =  [
𝐬𝟏
𝑇 (𝐛𝟏 × 𝐬1)
𝑇
⋮ ⋮
𝐬6
𝑇 (𝐛𝟔 × 𝐬6)
𝑇
] 6.1 
where si is the unit vector of the leg length calculated in Equation 2.5 [14]. With the 
Jacobian formulated, there is now a way to find the condition number and determinant of 
the Jacobian. 
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     Next, pathways are designated so that the singularities can be detected along it. For 
simplicity, pure tensile, bending, and torsion tests were used to analyze possible 
singularities. In order to determine the amount of movement needed for each test, a 
deflection prediction was completed on a specified material, ABS-ESD7 [29]. The tensile 
test is the simplest case. The goal is to use an iteration to calculate the Jacobian matrix with 
input of p and the rotation matrix. Since it is a pure tensile test, only the z value of the p 
vector needs to be used, x and y are equal to zero. The rotation matrix is simply an identity 
matrix considering there is no rotation about the x, y, or z axis. For the pure bending test, 
only the x (or y depending on orientation) values are changed or the p position, along with 
the specified result of the rotation matrix. In the case of revolution about the y-axis for the 
bending test, the rotation matrix is given in Equation 6.2,  
RB0
A = [
cos (𝜃) 0 sin (𝜃)
0 1 0
−sin (𝜃) 0 cos (𝜃)
] 6.3 
where 𝜃 is the angle at which the coordinate system rotates about the y-axis. For the 
deflection value of the bending test, it was assumed that the material specimen is loaded as 
a cantilever beam with a concentrated loading scenario in which the maximum deflection 
occurs at the maximum bending moment needed to cause failure. Lastly, for the torsion 
test, the top plate is rotated about the z-axis such that the rotation matrix, given in Equation 
6.4, is, 
RB0
A = [
cos (𝛾) −sin (𝛾) 0
sin (𝛾) cos (𝛾) 0
0 0 1
] 6.5 
 139 
where 𝛾 is the angle at which the top plate coordinate system revolves about its z-axis. 
Maximum deflection was calculated with the torsion equation with a solid rectangular 
cross-section (maximum defection was calculated assuming the specimen was completely 
solid). In this case, x and y are equal to zero and z is equal to the “home” height of the 
Stewart-Gough platform in the p vector. The only variable that changes in the torsion case 
is the angle, 𝛾.  
     Applying the equations for the motion of SG platform, we calculate the deflection of 
ABS-ESD7 for each of the tests using the material properties outlined in the table below. 
Table I.1: Material properties of ABS-ESD7 [6]. 
Tensile Elongation 3.000 % 
Elastic Modulus 2400 MPa 
Tensile Strength 36.00 MPa 
Flexural Strength 61.00 MPa 
Flexural Modulus 2400 MPa 
     Using the properties in Table I.1, one can calculate the resulting deflections in which 
the material fails. First, the tensile deflection is calculated by simply multiplying the tensile 
elongation in Table 1 with the height of the specimen, 50 mm. The deflection of the bending 
test is calculated Equation 6.6, 
𝜃 =
𝑇𝑚𝑎𝑥𝑙
𝐽𝐺
 6.7 
where Tmax is the maximum torque needed to cause failure, l is the length of the material, 
in this case the height of the specimen, J is the polar moment of inertia of a solid rectangular 
 140 
bar, and G is the shear modulus, which is calculated using the equation 𝐺 = 𝐸/2(1 + 𝜈). 
For the deflection of the pure bending test, it was assumed that the scenario is like a 
cantilever beam with a concentrated loading such that, 
𝑦𝑚𝑎𝑥 =
𝐹𝑚𝑎𝑥𝑙
3
3𝐸𝐼
 6.8 
where Fmax is the maximum force needed to deflect the specimen till failure, and I is the 
second moment of area of a rectangle in which, 
𝐼 =
𝑙𝑡3
12
 6.9 
where t is the thickness of the specimen. To determine the angle at which the top platform 
should be at, we simply find the maximum slope of the bar with Equation 6.10. Where 
Slope is the angle at which the top plate will orientate when maximum deflection has 
occurred [30]. Specifically, for the p vector, the change in x position is the value ymax, and 
the change in the angle of the coordinate system of the top plate is the value Slope. 
𝑆𝑙𝑜𝑝𝑒 =  
𝐹𝑚𝑎𝑥𝑙
2
2𝐸𝐼
 6.10 
     With the equations above, graphs can be made in which singularities can be identified 
at certain points along the path.  An iteration loop can be used in MATLAB to produce 
values of the determinant and condition number over the movement of the manipulator. To 
go further, the data from several geometries can be analyzed to see which design is more 
suitable for additively manufactured material characterization.  
     Even with analyzing the condition number with various material testing scenarios, 
certain singularities cannot be determined using the methods above. Tsai, as well as Bonev 
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and Zlatanov, mention singularities that occur based on architecture that cannot be 
determined using kinematic methods [14], [31]. The design shown in Figure 2.3 is not 
suitable, and a different geometry was used for further testing. The first issue at hand is 
that the top platform geometry is very similar to the bottom platform geometry. Section 2.6 
explains in more detail, but in sum, having the top platform smaller than the bottom 
platform results in lower condition numbers which results in better controllability and 
performance.  
     Upon initial testing, the condition number and determinant values varied by the units 
used, which corresponds with the fact that the Jacobian matrix is inhomogeneous when 
considering the units of the elements. To better organize the results, the Jacobian is 
normalized along the x, y, and z axes by using Equation 6.11 below, 
𝐽𝑁 =
𝐽 − 𝐽𝑀𝑖𝑛
𝐽𝑀𝑎𝑥 − 𝐽𝑀𝑖𝑛
 6.11 
where JN is the normalized Jacobian, and J is the Jacobian of the current position. The 
center or zero of the normalization is the “home” position of the platform. The variable JMin 
is the Jacobian at the min radius in the direct opposite direction of the max radius of JMax. 
JMax is the Jacobian at the max value, or where one of the legs of the platform reaches max 
length, causing a singularity. The results of this method are in the next section. Ma and 
Angeles, as well as Fattah and Ghasemi, took a similar approach in which they defined a 
homogenous Jacobian matrix by dividing the orientation side (left side) of the matrix in 
equation 6.1 by a characteristic length [32,33]. The left side is shown in Equation 6.12.  
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𝐽𝑠 = [
𝒔1
𝑇
⋮
𝒔6
𝑇
] 
6.12 
     To produce the desired “map” in which singularities within the workspace are visible, 
MATLAB was used to create a boundary space in which the Jacobian could be normalized 
to. For feasibility, spherical coordinates were used. The radius, r, was increased to the max 
value for each x-y plane angle, θ, at each angle from the z-axis, γ, ranging from -90 to 90 
degrees. An architecture similar to Ma’s and Angeles’ was used in which they determined 
triangular top and bottom platforms to be suitably conditioned [32]. A “slice” was taken 
from the workspace at the “home” position height and analyzed based on the condition 
number. Consequently, a “map” was developed by color coding the data points based on 
the condition number values. This process was repeated at different heights to see the 
change in condition number values over a vertical distance.  
I.2 Results with Translation 
     Calculations of deflections for pure tensile, bending, and torsion were conducted of a 
50 x 50 mm and 5 mm thick specimen. The material ABS-ESD7 was chosen to establish 
the pathways the manipulator needed to follow till failure of the material. Using the 
equations in the previous section, the results are depicted in Table I.2. For simplicity and 
for maximum estimation, it was assumed the specimen was a solid rectangular bar. 
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Table I.2: Results of deflection calculations of ABS-ESD7 
Tensile Test 1.500 mm 
Bending Test 25.00 mm 
Torsion Test 11.68 deg 
 
     After applying the methodology outlined, simulations were completed with a pure 
tensile test. It is also noted that all graphs are shown with the deflection of the specimen 
till failure. Figure I.1 shows the results, note that the results of 500 mm, 550 mm, and 600 
mm are close in value.  
     It was found that increasing the radius of the bottom plate reduces the condition number 
of the Jacobian, which follows the conclusion of Tsai that similar geometries of the top and 
bottom plate results in a singularity or that the manipulator is in closer proximity of a 
singularity [14]. It is also noted that while the condition number is reduced, the Stewart-
Gough platform becomes more controllable in such that the accuracy and dexterity 
increases as the condition number gets closer to 1 [34,35]. To further analyze the 
manipulator, the determinant of the Jacobian was calculated throughout the path. While the 
results did not indicate that there are any singularities in the path, the determinant of the 
top and bottom plates of 250 mm diameter indicated that this geometry is closer to a 
singularity throughout the path than the other geometries. Note that the graphs in Figure 
I.1-Figure I.6 were used as a way to visualize how the condition number and determinant 
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changed with certain changes in geometry. The desire is to have lower condition numbers 
and high determinants.  
 
Figure I.1: Results of increasing the bottom plate 
radius while keeping the top radius of 250 mm. 
     Next, the condition number and the determinant were calculated while keeping the 
bottom radius the default of 250 mm and increasing the radius of the top plate. Looking at 
Figure I.2, the top plate radius to be bigger than the bottom plate radius causes the condition 
number to rise further away from the value 1, indicating that this style of design becomes 
significantly less accurate as the ratio of the top and bottom plate grows. It follows that 
increasing the top plate radius also adds more weight that the linear actuators must control, 
putting more stress on the system. As for the determinant of this scenario, the results are 
the same as in Figure I.3. 
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Figure I.3: Results of increasing the top plate radius 
while keeping the bottom radius at a default of 250 
mm.  
     After the tensile test, a scenario of a pure bending test was looked at. The path of the 
Stewart-Gough platform was calculated by using simple geometry to find the distance of x 
traveled of point p and the equivalent angle at which the top plate finalizes at, which in this 
 
Figure I.2: Results of increasing the radius of the 
bottom plate. The top plate was kept at the initial 250 
mm of the design.  
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case is the angle of deflection of the specimen. Figure I.4 depicts the results of the 
determinant and condition number over the path. Like the tensile test results, increasing the 
bottom plate radius reduces the condition number and increases the determinant. It can be 
noted that at a certain ratio of the size of the top and bottom plates, the condition number 
and determinant only have minimal changes compared to the changes of plate sizes with 
lower ratios. This suggests that at a certain point, there is no need to make the bottom plate 
larger. It is also noted that the slope of the curves for the larger radii starts decreasing at a 
faster rate than smaller radii. The decrease in slope for the determinant suggests that the 
manipulator is approaching a singularity.  
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Figure I.4: Results of the condition number and 
determinant for a pure bending test. The top plate 
radius is kept at default while the bottom plate 
radius is increased.  
     The condition number and determinant where calculated while increasing the top plate 
radius and following the path of the manipulator such that the material specimen would fail 
in a pure bending test. Considering the results of the tensile test, it was concluded that for 
the positions between the singularities, increasing the top radius would cause larger 
condition numbers than keeping the geometry at default as shown in Figure I.5. The slopes 
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of the graphs also suggest that the manipulator is approaching a singularity, and it 
approaches the singularity at a faster rate than that of only increasing the bottom plate 
radius. 
 
 
 
Figure I.5: Results of the condition number and determinant for pure bending 
with increasing top plate radius and a constant default bottom plate radius. 
     Finally, the condition number and determinant were calculated over the pathway for a 
pure torsion test. In this case, the graphs are presented for the change in angle starting from 
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the negative x-axis going counterclockwise towards the z-axis. Looking at the results of 
the pure torsion test, one can see that the condition number for each case does not change 
significantly over the change in position. Increasing the radius of the top plate, though, 
decreases the condition number and increases the determinant, following previous 
observations that once past a certain ratio, the change in the condition number and 
determinant decreases significantly.  
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Figure I.6: Results of the condition number and 
determinant over the pathway of a pure torsion test 
with increasing bottom plate radius with a constant 
default top plate radius. Note that the last three 
legend values are close together on both charts. 
      
     Concluding the results for the initial performance analysis, the last test was completed 
by only increasing the top radius again. For the pure torsion application, there is a clear 
increase in overall condition numbers while the determinant values remain the same. This 
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correlates with the results of the pure tensile test in that similar geometries brings the 
manipulator closer to a singularity. It should be noted that the results of the condition 
number and determinant are similar for the pure tensile and pure torsion tests.  
     For the normalized condition number analysis, a MATLAB program determined the 
data points within a “slice” of the workspace of the platform. The max Jacobian is located 
at the farthest point from the p origin (see Figure 2.2) located on the plane of the z value 
of the “home” position. The minimum Jacobian was taken at the origin p. The results depict 
a platform with a top radius of 62.5 mm, a bottom radius of 250 mm, and a “home” position 
height of 300 mm. Figure I.7 shows the result. 
 
 Figure I.7: Data for “slice” of workspace at the 
“home” location. 
     It can be seen from the graph that the “slice” of the workspace resembles a shield. The 
max Jacobian was if the next iteration of increasing the radius, r, caused the stroke of one 
of the actuators to exceed its limit, and it must be noted that the orientation of the top 
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platform is kept horizontal throughout the process. Once the “slice” was created, the points 
were color coded based on the condition number values to show a specific “map” of where 
possible singularities can be located, which is shown in the figure below. Table I.3: Color 
coding scheme. shows the color-coding scheme.  
 
Table I.3: Color coding scheme. 
Color Condition Number Range 
 Green <= 50 
 Black > 50 & <= 100 
 Blue > 100 & <= 250 
 Yellow > 250 & <= 500 
 Red > 500 
  
 
Figure I.8: Color coding of position points based on 
condition number.  
     Looking Figure I.8, a “map” can be seen of the condition number ranges. General areas 
can be located that would be suitable for low condition numbers as well as areas to avoid 
due to higher condition numbers. The green area is the most suitable. It can also be seen 
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that using the right side of the platform is desirable as it can reach farther than the left side. 
It can also be seen that the condition number fluctuates at certain areas. For example, near 
the x value of 0 and the y value of -50 the condition number fluctuates due to the multiple 
colors present in a small area.  
     Depending on the ranges desired, some areas can be seen in which they should be 
avoided. In this case, condition numbers of greater than 500, or the red area in Figure I.8, 
should be avoided. If that number increases to a higher value, for example 50,000, and the 
platform can be controlled with values less than that, then the result is Figure I.9: Color 
coding scheme by changing yellow to range between 250 and 50,000 and red to range 
above 50,000.. This shows that the range of condition numbers can be chosen based on the 
user’s choice. Specific areas can be isolated to plan a path, decide if a certain geometry is 
sufficient, or identify the specific points where singularities are. 
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Figure I.9: Color coding scheme by changing yellow 
to range between 250 and 50,000 and red to range 
above 50,000. 
     An ideal method would be to analyze the condition numbers in the 3D workspace. While 
it is important to analyze the horizontal movement for shear and bending tests, tensile tests 
and compression tests rely on movements on the z-axis and therefore the change in 
condition numbers along the z-axis is important.  
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Figure I.10 Condition number analysis at a height of 
37.5 mm above the “home” position using the color 
scheme in table 2. 
     The graph above indicates that most of the workspace in the “slice” contains sufficient 
condition numbers while thin portions of it containing other colors shows less sufficient 
condition numbers. Considering the amount of red depicted in Figure I.10, this area of the 
workspace is sufficient. It can also be noted that there is a red zone in the center suggesting 
that the controllability becomes difficult in the -z direction.  
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Figure I.11: Condition number analysis at 37.5 mm 
below the “home” position. Same color scheme as 
table 2. 
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Figure I.12: Condition number analysis at 75 mm 
above (top) and below (bottom) the “home” position. 
     As the platform reaches the outermost limits of the z-axis, according to Figure I.12, 
there is less space for the platform to move horizontally on the x-y plane. It also can be 
noted that areas of higher condition numbers are “thinned out” with a few significantly 
small red areas. There are also red areas around the origin p located 75 mm above the 
“home” position.  
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     Since the results at 75 mm above and below suggests the areas of higher condition 
numbers reduce in size as the platform moves away from the “home” position, an analysis 
was conducted at 19 mm above and below the starting position. Figure I.12 correlates with 
the observation that the higher condition number areas reduce in size moving away from 
the starting position. The figure also shows the reduction in the size of the horizontal 
workspace. The graph at the top slightly reduces in size while still resembling a shield and 
the bottom graph starts to take the form of Figure I.10 and the bottom graph of Figure I.11. 
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Figure I.13: Condition number results using the color scheme in table 2, 19 mm above 
(top) and below (bottom).  
While there is a clear pattern above and below the “home” position of the platform, 
there is significant difference between the condition analysis at the starting height and the 
analyses above and below. A 3D depiction of “slices” that are close to the starting position 
was created to see if there is a quick change that is not noticed at the z positions chosen in 
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the above results. Figure I.14 shows that there is no gradual change between the similar 
results of Figure I.10, Figure I.11, 
Figure I.12, Figure I.13 and the result of Figure I.8. It is unclear for the reason of this. The 
large amount of higher condition numbers at the “home” position suggests that the current 
design should not be used at that height. 
 
Figure I.14: Condition analysis with increasing z value 
up to the “home” position from below. 
I.3 Results with Orientation 
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     Additional work was completed following the work of [36] on “mapping” singularities 
within the workspace involving translation at a given height of the top platform. This 
additional work included singularities with respect to the orientation of the SG platform. 
Two scenarios were tested using a normalization of the Jacobian matrix. These scenarios 
included moments about the origin point of the top plate reference frame, and the second 
included moments about the center point or the intersection point of axes 3 and 4 on Figure 
I.15. Note that these are just used as reference and as test specimens to test that the 66.1 
Tiger can apply the loading conditions set by requirements 18-18.4. The moments about 
the axes of the specimen were done to simulate a pure bending scenario.  
 
                       Type 1 
 
                               Type 2 
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Figure I.15: Specimen designs used for analysis and testing. 
 
 
Figure I.16 shows the results of the second scenario and the top of Figure I.17 shows 
the results of the pure bending scenario. The axes represent the angle of the platform 
relative to the x-axis for θ and the y-axis for ϕ using a common rotation matrix.  
 
Figure I.16: Results from moments about the 
specimen. 
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Figure I.17: Results for orientation of rotation 
about “home” position (top) and the results with 
greater distance between data points (bottom). 
 
A different process was used to normalize the Jacobian than that of the previous work. 
The condition number was found for each Jacobian at each point within the “slice” of the 
workspace. The largest and smallest condition number were found, and their respective 
Jacobians were set as the maximum and minimum Jacobians. From there the Jacobian was 
normalized and new Jacobians were found for each point following a calculation of the 
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condition number. To be consistent the color code scheme consists of the values in Table 
I.3, which is the same as the work in [36]. 
It must be noted that while there are significant points that are cyan, not all cyan values 
indicate singularities, it may just indicate an elevated level of uncontrollability within the 
area. Also, one data point in the plot in Figure I.17 does result in a condition number of 
infinity. This point is at values of θ = -37.6 and φ = -0.2 at a specific SG platform geometry. 
There may be more singularities within these “slices” as the distance between data points 
affects the results. 
These maps of the controllability of a specific geometry of a SG platform were used as 
a basis for choosing an ideal geometry. Iterations of geometry were compared until results 
showed all green, but only for the translation portion of [36] as the work for Figure I.16 
and Figure I.17 was done after the final design. Figure I.16 shows higher values of 
condition numbers but rotations about the center of the top plate at the “home” position 
does not represent any loading scenarios that would be used for testing. It must also be 
noted while the “maps” were used to find an ideal geometry, it is not known how much the 
values of the condition number affect the controllability of the SG platform. In other words, 
the scale of affect is not known except for the cases in which the condition number is 
infinity. While the new work on singularities and controllability with respect to the 
orientation was completed after the final design of the test frame, this method of obtaining 
an optimized geometry can be used for future designs of multiaxial test frames to provide 
optimal designs where singularities can be avoided. 
